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Time-resolved photoacoustic calorimetry (TR-PAC) and quantum chemistry calculations were used to
investigate the energetics of sulfuinydrogen bonds in thiophenol and fopara-substituted thiophenols,
4-XCgH4SH (X = CHs, OCH;, ClI, and CE). The result obtained for the Ph$l gas-phase bond dissociation
enthalpy, derived from the PAC experimental results in solution, is 34945 kJ mof?. This value is
significantly higher than recent literature values but agrees with a value suggested some 20 years ago in a
widely used review. The PAC result also concurs with the value computed at a high theory level, G3(MP2),
346.8 kJ mott. The data obtained for the substituted thiophenols support the idea that substituent effects are
less pronounced on the-$1 bond dissociation enthalpy than on the-B bond dissociation enthalpy of the
corresponding phenols.

Introduction this technique has some limitations, one of which is caused by
the absorption of the sample molecule at the incident wavelength
used to initiate the reaction (see Experimental Section). Although
this is the case for thiophenol and substituted thiophenols, we
und that the time-resolved version of the technique (TR-PAC)
llows the problem to be circumvented. Therefore, in the present
study, we report the bond dissociation enthalpies of thiophenol
r?md some substituted thiophenols obtained with TR-PAC. These
results were complemented by high-level theoretical methods,
using both ab initio and density functional theory calculations.
Theory of Photoacoustic Calorimetry. Although the theory
that allows thermochemical data to be extracted from photo-
acoustic calorimetry experiments is well-establishéd, brief
outline is given here for the sake of clarity. The PAC technique
involves the measurement of a volume change that occurs when
a laser pulse strikes a solution containing the reactants and
initiates a chemical reaction. This sudden volume change
. generates an acoustic wave, which can be recorded by a sensitive
PhSH(g)— PhS(g) + H'(@) (1) microphone such as an ultrasonic transducer. The resulting
The literature values dDH°(PhS-H) range from 331 to 349  photoacoustic signal§ is defined by eq 2, wherd& is the
+ 8 kJ mol! and were subject to several reevaluations (see solution transmittancek is the incident laser energy, airdis
Discussion). Given the disparity among the various results for a calibration constant, dependent on the instrumental specifica-
this key value, we decided to investigate the problem using tions and geometry and on the thermoelastic properties of the
photoacoustic calorimetry (PAC), which is especially suited for solution.
the study of transient species in solution. In fact, PAC is

The role played by sulfur-centered radicals in the chemistry
of coal, oil, atmospheric pollution, and biological systems is
well-established. To fully understand this chemistry, reliable
thermochemical data are needed, and because we are dealin
with radical species, bond dissociation enthalpies are of major
importance. A class of sulfur-centered radicals, thiophenoxy
radicals, has gained special attention because they can help i
understanding the chemistry of the related phenoxy radicals,
which is of enormous interest because of their antioxidant
activity.2 These studies involved the comparison between the
substituent effects on-©H and S-H bond dissociation enthal-
pies in substituted phenols and thiophenols, respectively.
Central to this discussion is the gas-phaseH3ond dissocia-
tion enthalpy in thiophenol itsel)H°(PhS-H), defined as the
enthalpy of reaction 1 at 298.15 K.

probably the most reliable method for obtaining solution-phase S=K¢,{l—TE (2
bond dissociation enthalpies, which can then be related to the

 Part of 1 o ack B . —— released as heat, which, when multiplied by the molar energy
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calculations of the reaction enthalpy through an energy bal- Photoacoustic Calorimetry.In this work, we used both time-

anceb8 resolved (TR-PAC) and non-time-resolved (PAC) versions of
the photoacoustic calorimetry technique. The photoacoustic
E,—A,H AV calorimeter setup has been described in détailith the
AH= Tr + P 3 exception of the introduction of an optical trigger in the laser

path. This piece of equipment (which was not necessary for
the nonresolved technique) is essential for TR-PAC, because it
allows for a precise definition of the starting point on the time
scale of the photoacoustic wave, as needed for the correct
deconvolution of the signal. The experimental technique was
also presented befofeBriefly, argon-purged solutions in
benzene of ca. 0.4 M of dert-butylperoxide and each thiophe-
nol (in the adequate concentration; see Results and Discussion)
were flowed through a quartz flow cell (Hellma 174-QS). The
¥ = P (4) solutions were photolyzed with pulses from a nitrogen laser (PTI
rC,y PL 2300, 337.1 nm, pulse width 800 ps). The incident laser
energy was varied by using neutral-density filters (ca36
Equation 2 is the basis for “classical” photoacoustic calorimetry, xJ/pulse at the cell, flux< 40 J nT2). Each pulse induced a
usually called non-time-resolved PAC (in the sense that the time volume change in solution, producing an acoustic wave that
dependence of the sign&lis not analyzed; see below). Its was detected by a piezoelectric transducer (Panametrics V101,
application is valid only when the process generating the 0.5 MHz) in contact with the bottom of the cell. The signals
photoacoustic signal is much faster than the transducer re-were amplified (Panametrics 5662) and measured by a digital
sponsé.In this case, the time profile of the photoacoustic wave oscilloscope (Tektronix 2430A). The signal-to-noise ratio was
will depend only on the instrumental response and not on the improved by averaging 32 acquisitions, and each data point for
rate of the process, allowing for a direct correspondence betweenanalysis at each of four different incident laser energies used
its amplitudeSand the apparent heat fractigp,s On the other was determined five times. The apparatus was calibrated by
hand, processes that are much slower than the transducetarrying out a photoacoustic run using an optically matched
response will give rise to virtually no signal. In the intermediate (within 2% absorbance units at 337.1 nm) solutionoatho-
regime, each process with a different rate will give rise to a hydroxybenzophenone (in the same mixtures but without the
unique waveform. For instance, in a system where one or moreperoxide)!® which dissipates all of the absorbed energy as heat.
such processes occur, the signal obtained will be a convoluted The experimental procedure for TR-PAC was identical to that
waveform that will appear phase-shifted and reduced in described for PACG,but the resulting waveform from each data
amplitude as a result of the presence of components with longerpoint (sample and calibration) was recorded for subsequent
time scales. A deconvolution analysis of such data yields the mathematical analysis. Sample waveforms were deconvoluted
magnitude of each of the signal-inducing events (as well as with the corresponding calibration waveforms (obtained with
information on their rates)f This is the basis of time-resolved  the same laser energy) by using the software Sound Analysis
photoacoustic calorimetry (TR-PAC). The analysis involves the by Quantum Northwest
preprocessing of the photoacoustic waveform, which is normal-  Theoretical Calculations. Density functional theory (DFT)
ized for its respective absorbance £1T) and incident laser  calculations were carried out for thiophenol, substituted thio-
energyE, as indicated in eq 2. Extraction ¢f,sfor the process- phenols, thiophenoxy radical, and substituted thiophenoxy
(es) is then accomplished by the deconvolution of the waveform, radicals in the gas phase with the Barone and Adamos’s Becke
facilitated by the use of commercially available softwére. style one-parameter functional, using a modified Perdéang
Reaction enthalpies for each process are then calculated agxchange and PW91 correlation (MPW1PW81and the
before®® For instance, considering a two-step sequential reaction, Perdew-\Wang exchange and correlation functionals (PW$1).
the enthalpy of the first step is given by eq 3 (witigpdH = Total energiesK) were obtained from eq & ,whereVyy is the
AopdHi, calculated from the amplitudgyps 1 Obtained from the nuclear-nuclear interactionHC®RE is a monoelectronic con-
deconvolution) and the enthalpy of the second by eq 5 (note tribution to the total energy, including electron kinetic and
that only the first step is light-initiated but the yield of all of  electror-nuclear interaction energies; avgkis the Coulombic
the steps is dependent on the quantum yield for the first one). interaction between the electrons.

In this equationE, represents the molar photon energy, and
@, is the reaction quantum yield. The correction term includes
the reaction volume changa,V, and the adiabatic expansion
coefficient of the solventy. This parameter depends on its
thermoelastic properties, namely the isobaric expansion coef-
ficient ayp, the heat capacitf,, and the density.

“Aadty | AV, E =V +HO+V + Eglol + Eclp]  (6)

Ay =—g=2 4= (5)

r
The termsEx[p] and Ec[p] represent the exchange and correla-
tion energies, respectively, which are functionals of the elec-
tronic densityp. The geometries were fully optimized with the
Materials. Benzene (Aldrich) was of HPLC grade and was aug-cc-pVDZ basis sét.Single-point energy calculations with
used as received. Thiophenol (Aldrich,99%) was used as the Dunning tripleg correlation-consistent basis set including
received. Thiocresol (Aldrich) was purified by sublimation. diffuse functions (aug-cc-pVTZjwere also made. All calcula-
4-Chlorothiophenol (Aldrich) was recrystalized once from an tions were corrected with the zero-point energy and with thermal
ethanot-water mixture. 4-Methoxythiophenol (Aldrich, 97%) corrections. G3(MP2§ and CBS-4M° calculations for the SH
and 4-(trifluoromethyl)thiophenol (ABCR GmbH,95%) were bond dissociation enthalpy in thiophenol were also carried out.
vacuum distilled. Ditert-butylperoxide (Aldrich) was purified Gaussian-3 theory is the third in a series of Gn methods for
according to a literature procedu®o-Hydroxybenzophenone  calculating molecular energies with high accuracy. G3 is a
(Aldrich) was recrystalized twice from an ethanolater composite method in which a sequence of well-defined ab initio
mixture. molecular calculations is performed and the total energy of the

Experimental Section
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SCHEME 1 SCHEME 2

-BuOOBu-#(sln) ey 1-BuO*(sln) AH (7 DHg,(PhS-H)
PhSH (sln) —— PhS*(sln) + H*(sln)

2PhSH(sln) + 2 #-BuO®(sln) —> 2PhS°(sln) + 2 ~BuOH(sln)  AH, (8)

AslnHo(PhSva)T _AslnHo(Phs.vg)l l _AslnHO (H.’g)

t-BuOOBu-#(sln) + 2PhSH(sln) — 2PhS*(sln) + 2 +-BuOH(sln) AH  (9) PhSH (g) PhS*(g) + H*(g)

TABLE 1: Auxiliary Data (kJ mol %) DH’(PhS-H)

molecule AH° AginH® ® transducer response. This can be ensured by adequately choosing
t-BUOH, | —359.24+ 0.8 15.50+ 0.35 the concentration of the substrate (thiophenol). Although the
t-BuOOBuU4, | —380.9+ 0.9 1.21+0.22 actual limit is difficult to define with accuracy, this requirement
PhSH, g 111.3:1.3 can be easily verified experimentally, by varying the concentra-
Pf‘SMe' 9 97.3 0.8 tion of substrate until the observed waveform reaches a
H, g 217.998&+ 0.006' . . . -

. e maximum (or, equivalently, until the final valu®,,H reaches
Me’, g 147+ 1 . . : X
. ) o N a maximump If this requirement is not met, TR-PAC can be

Solution enthalpies in benzene from ref°’@Reference 28¢ Ref- used to deriveDHS, (PhS— H). Deconvolution of the photoa-

d
erence 127 Reference 27:Reference 29. coustic waveforms obtained in this case affords the amplitudes

(¢obe Of the two expected sequential processes and the lifetime
(r) of the second, according to the two elementary steps in

tion theory; the basis set extensions are obtained at the MPZiCher’nehf'C Frck)]ml the fenthal_py gbtalngd fo: thle fu;st p_rocess,s
level, eliminating the MP4 calculations. G3(MP2) is based on obdH1, the enthalpy of reaction 7 can be calculated using eq 3.

MP2(full)/6-31G(d) geometries using all electrons. The CBS-4 T.his rga;ction e?ﬁhﬁlpy ifs, C?yt(:)eftinlition, %qugl to tlhef bond
model is also a composite method that yields the same accuracgafo%a'_o% er_}_ha pytho | erf— u ytperog € |r;) SO IIJ Ioln’t d
as the CBS- model but has a computationally less demanding sin )- € enthalpy of reéaction © can beé caiculated
MP4(SDQ) higher-order component. This model employs the from eq 5, assuming that the volume change for this reaction is

Lo ligible, i.e. AV, = 0. As the enthalpy of reaction 8 is simply
very fast UHF/3-21G(d) method for geometry optimization and neg . . .
zero-point energies. All calculations were performed with the twice the difference between the-8l and O-H bond dissocia-

: tion enthalpies in thiophenol andrt-butyl alcohol in solution,
Gaussian 98 prografi. . )
Hssl prog respectively DHg (PhS— H) can be derived from eq 11.

molecular species is calculated. G3(MP2) is a modification of
the G3 theory that uses reduce@ldr—Plesset order perturba-

Results and Discussion DHE, (PhS-H) = A H,/2 + DHZ, (t-BuO—H)  (11)

sin
The application of the non-time-resolved PAC technique to

the general problem of the determination of bond dissociation ~ The relationship between solution-phase and gas-phase bond

enthalpie$®22is illustrated in Scheme 1 for the-$1 bond in dissociation enthalpies is established through the enthalpies of
thiophenol, where the photochemically produced-butoxyl solvation of the species involved. Scheme 2 (or eq 12) illustrates
radical is employed to break that bond, yielding PhS this relationship for the SH bond dissociation enthalpy in

The PAC technique allows for the determination of the net thiophenol.

reaction enthalpy in Scheme A;H, through the simple energy
balance described by eq 3. For the reactions presented in SchemPH (PhS-H) = DHg(PhS-H) + A H°(PhSH,g)—
1, the volume change of reaction 9 is assumed to be equal to Ay H°(PhS,g) — A H(H',9) (12)
the volume change for the homolysis oftdit-butylperoxide
alone, because the volume change for reaction 8 should be The difficulty in applying eq 12 is the solution enthalpy of
negligible. Wayner et & made a critical assessment iV, the thiophenoxyl radical, which is not experimentally avail&Ble.
and recommended,V1 = 13.4+ 4 mL mol™L. The value for This problem can, however, be overcome by using a methodol-
the adiabatic expansion coefficient in benzene is readily ogy proposed earlier in a similar PAC study with phenolic
calculated from literature detdasy = 0.813 mL kJ?, and the compounds. Briefly, Wayner et & .made the sensible assump-
quantum yield of the peroxide homolysis in this solventis tion that the difference\ssH°(PhOH,g) — AgnH°(PhO,qQ) is
= 0.8322 The S-H bond dissociation enthalpy of thiophenol simply given by the enthalpy of the hydrogen bond between
in solution, DHg(PhS— H), can then be derived fromH. phenol and the solvent, PhG+S. This enthalpy can be
The relationship is established through a thermodynamic cycle, estimated with the ECW model, which contains four parameters
yielding eq 10, which contains several enthalpies of formation that reflect electrostaticeuEs) and covalentCaCg) contribu-
and solution enthalpy terms\(,H).2* With exception of the tions to the enthalpies of doneacceptor interactions, eq 13.
solvation enthalpy of the hydrogen atom, which can be estimated ponor (B) and acceptor (A) parameters, optimized by a large
using the hydrogen molecule as a motfelyielding database of experimentally determined enthalpies, are available
AgnH°(H*,g) = 5 &+ 1 kJ moi?! for organic solvent3® those for many substances.
guantities are available from the literature (Tablé2-2°

—AH(ECW) = E,Eg + C,Cq (13)
DHa(PRS=H) = ARI2+ AH(H9) F AgH(H 0) *+ Using the parameters for the acid thiophenol and the

AH®(-BUOOBUL /2 — AH°(-BUOH,I) + AgH® base benzen®&, the ECW model predictsAH(ECW) =
(t-BuOOBuUt,1)/2 — Ay H°(t-BuOH,l) (10) AgrH°(PhSH,g)— AgH°(PhS,g) = —2.4 kJ mot? with an
estimated error of less than 1 kJ mbl
As mentioned above, the previous approach is valid only if The ECW model can also be used together with the
the process being studied (reaction 9) is fast compared to theexperimental gas-phase-® bond dissociation enthalpy tert-
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TABLE 2: PAC and TR-PAC Determination of Solution Bond Enthalpies: DHg,(S—H) for Thiophenol and Some Substituted
Thiophenols andDHg,(O—O0) for Di- tert-butylperoxide

concentration AopdHi” DHg(O—0) Aopd2! DH(S—H)
substrate (M) 9SeA (kJ mol?) (kJ mol?) (kJ mol?) (kJ mol?)

PhSH 0.06 179.0 39348 10.53 361.7£9.0
0.006 185 246.14.8 146.9+ 7.6 163.6+ 5.4 356.8+ 4.4

4-CH;CsH4SH 0.006 18.7 253.£12.4 138.7+ 15.7 166.9t 4.6 354.9+ 4.1
4-CH;OCH4SH 0.005 194 246.8 6.0 147.0+ 8.8 177.4+: 4.0 348.5+ 4.0
4-CICsH4SH 0.006 71.5 263.93.4 126.4+ 6.5 157.8+1.8 360.4+ 3.5
4-CRCeHsSH 0.005 14.0 239.8 8.7 155.4+ 11.6 158.6+ 3.6 359.9+ 3.9

a Typical normalized residual photoacoustic sigrdl00 (see text)? Measured enthalpic change for the fast process, atributed to reaction 7 (see
text), unless indicated otherwise. All values/f,H in this table represent the average of at least five independent results. The uncertainties are
twice the standard deviation of the mean in each ca®e-O bond dissociation enthalpy in the peroxide (reaction 7) “contaminated” by the
substrate absorbance (see tekfyleasured enthalpic change for the sequential slower process, atributed to reaétibea8ured enthalpic change
using non-time-resolved PAC, corresponding to the overall reaction 9.

butyl alcohol?2 DH°(t-BuO—H)= 4464 3 kJ moi %, to estimate
the O—H bond dissociation enthalpy dért-butyl alcohol in
solution (eq 14).
DHg(t-BuO—H) = DH°(t-BuO—H) —
Ay H°(t-BUOH,g)+ Ay H°(t-BuO',g) + Ay H°(H",0)
= DH°(t-BuO—H) — AH(ECW) +
AgH(H,9) (14)

Using AH(ECW) = —4.44 1 kJ mol! 3 andAgH°(H*,g) =
5 + 1 kJ mol 1,26 one obtaindDHZ, (t-BuO — H) = 455.4+
3.3 kJ mof™.
Our studies began with PAC experiments of thiophenol at a

high enough concentration to ensure that reaction 8 (and hence

reaction 9) would be fast, so as to allow the application of the

non-time-resolved technique. We used the same concentration

we had previously established for the analogous study with
phenol in our calorimetétr,because the hydrogen abstraction

from thiophenol should be faster. However, these experiments

were hampered by the strong absorption of the substrate at th

of the technique. As eq 2 implies, the photoacoustic signal is
related to the transmittance of the photochemically active
substance, which, according to Scheme 1, isedibutylper-

oxide. If the substrate (e.g., thiophenol) also absorbs significantly

manner, it is expected that, in this case, the-@ bond
dissociation enthalpy (reaction 7), calculated through eq 3, will
be in error.

The results from the photoacoustic experiments are displayed
in Table 2, including the concentrations of substrate used and
the corresponding normalized residual photoacoustic signals
resulting from the absorption of the substrate (the photoacoustic
signal measured with the blank solution containing only the
substrate in benzene divided by the signal from a photoacoustic
reference system, which provides a simultaneous measure of
the laser energy). Classical PAC experiments were attempted
with all of the listed compounds, except for 4-trifluorometh-
ylthiophenol because the lower rate of reaction 8 with this
compound would require a high concentration to overcome the
time constraint, yielding an excessive residual signal. This was
confirmed with 4-clorothiophenol, whose very strong absorbance
at the laser wavelength used rendered impossible the nonre-
solved experiment¥.Because of these experimental difficulties,
the only nonresolved experiments completed and presented in
Table 2 were those for thiophenol itself. Essentially, the results
from both versions of the technique are in good agreement, but

wavelength used, a fact that can represent a serious Iimitatior?.the lower precision of the non-time-resolved result is obvious

in its uncertainty (more than twice the uncertainty of the
TR-PAC result). Thus, only the TR-PAC value will be used in
the subsequent discussion.

For the sake of completeness, Table 2 also includes t® O

at the same wavelength, the measured photoacoustic signal willPond dissociation enthalpy of @rt-butylperoxide in solution,

reflect this additional input in some measure, and this contribu-
tion cannot be resolved from the one due to the peroxide
homolysis, reaction 7 (see below, however), thus invalidating

calculated with eq 3 usingpd; retrieved from the TR-PAC
experiments. In a previous study of reaction 7 using non-time-
resolved PAC, we obtainedHZ (O — O) = 156.7+ 9.9 kJ

sin

_ ) i e - :
Scheme 1 and any thermochemical calculations based on it. ToM0!* in benzené? All of the results presented in Table 2 are

circumvent this limitation, the use of a different excitation
wavelength could be tried, but for obvious practical reasons,
this is not always possible. Fortunately, TR-PAC also presents
a solution to the problem. By lowering the concentration of the
substrate, the effect of its absorbance is substantially reduced

but reaction 8 becomes too slow to be studied by classical PAC.

However, the deconvolution of the waveform can now be used
to extract its enthalpy through eq 5. Furthermore, this alternative
not only reduces the interference of the substrate absorbanc
but it can also allow its influence on the value derived for the

enthalpy of reaction 8 to be eliminated. Indeed, if the photo-

chemical or photophysical processes that result from the
excitation of the substrate are fast, they will contribute only to

the measured amplitude of the first process, but not to the
second, which is much slower. Therefore, the amplitude of the
second process obtained from the deconvolution is exclusively
related to eq 8, allowing for the correct calculation of thets

considerably lower, except for the one derived from the
experiments with 4-trifluoromethylthiophenol (the substrate that
also presents the lower residual signal), which is in excellent
agreement with the previously reported value. According to the

interpretation above, this was to be expected, because a strong

residual signal causes the measurememgtH; (but not of
Aopd2) to be in excess. This, in turn, leads to a lower value of
DHg,(O — O) while not affecting the calculation dDHg,

dPhS— H).*

The gas-phase bond dissociation enthalpies can be derived
from the solution-phase bond dissociation enthalpies determined
by PAC, together with eq 12 and the ECW model, eq 13. Using
AH(ECW) = AgH°(PhSH,g9)— AgrH°(PhS,g) = —2.4+ 1
kJ molt andDHZ(PhS— H), = 356.8+ 4.4 kJ mot! (Table
2), one finally obtain©H°(PhS-H) = 349.44 4.5 kJ mot™?,

The ECW parameters are not available for the substituted

thiophenols. However, more than determining absolute values,

bond dissociation enthalpy through eqgs 5 and 11. In the samewe are particularly concerned with the effect of the substituent
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TABLE 3: Gas-Phase Relative Bond Dissociation bond dissociation values are8 + 4, —22+ 4, —1 + 4, and
Enthalpies, ADH®(S—H), for Substituted Thiophenols* 17 + 4 kJ mol %, respectively?® Nevertheless, the direction of
ADH°(S—H) the effects is not changed, i.e., strong electron-donor substituents,
molecule exp exf cald calc such as methoxy, decrease thetbbond dissociation enthalpy,

whereas electron-acceptor substituents, such as trifluoromethyl,

4-CH;CgH4SH —-1.9+29 —-3.3 —4.8 —4.9

4-CHOCH,SH  —83+29 —-92 —128 —13.9 strengthen that bond. . .

4-CICsH,SH 36+ 27 0.4 1.9 23 As stated in the Introduction, the literature values of
4-CRCgH4SH 3.1+ 2.8 7.6 7.3 DH°(PhS-H) range from 331 to 34% 8 kJ mol! and have

2 Values in kJ mot™. P TR-PAC results calculated from the solution been subjected to _several assessments. The original value was
values in Table 2 (see text). The uncertainties correspond to the reported by Colussi and Bens&hwho determined the enthalpy

propagated errors, which overestimate the expected uncertainty whenOf reaction 18 as 282.4 kJ mdlusing a kinetic method (VLPP).
the values in the same column are compafatalues from ref 3.

4 MPW1PW91/aug-cc-pvVDZe MPW1PW91/aug-cc-pVTZ; single- PhSCH(g) — PhS(g) + CH,'(g) (18)
point energy calculations with the geometry optimized at
MPW1PW91/aug-cc-pVDZ. Colussi and Benson used their result for the enthalpy of reaction

18 to derive the enthalpy of formation of the thiophenoxy
radical, given the enthalpies of formation of the other two
species, which were available from the literature. Then, thel S
bond dissociation enthalpy of thiophenol could be calculated
from its enthalpy of formation and the enthalpy of formation
of the hydrogen atom. The value in the original paper, obtained
with the then-existing auxiliary data, w&dH°(PhS-H) = 343
ADHO(S—H) — DH°(AI‘S—H) _ DH°(PhS—H) (15) + 6”|(J mol®. Later, McMiIIen.and Goldet# used newer
auxiliary data and reassessed this valuBES$(PhS-H) = 349
In addition to conveying the substituent effect in an intuitive =+ 8 kJ moll. However, if one uses thAH of reaction 18
manner (a positive value means a strengthening of the bond,given in Colussi and Benson’s paper together with the auxiliary
whereas a negative value means a weakening effect), the relativeenthalpies of formation in the literature sources indicated by
scale also allows the problem associated with the solvation of McMillen and Golden, a value of 335.2 kJ mélis obtained
the substituted thiophenols to be overcome. Defining a relative for DH°(PhS-H). This implies that the enthalpy of reaction 18
solution valueDHZ (S — H) in the same manner as in eq 15 in the work by Colussi and Benson was adjusted by ca. 14 kJ

sIn

on the bond dissociation enthalpies of substituted thiophenols.
This effect can be more conveniently addressed by using a
relative scale of bond dissociation enthalpiad)H®(S—H),
which expresses the change in bond dissociation enthalpy for
the substituted thiophenol (ArSH) relative to thiophenol itself
(eq 15).

and recalling eq 12, eq 16 is obtained. mol~?, in keeping with the statement by McMillen and Golden
that “a different recombination activation energy assumption
ADH?(S—H) = DHg(S—H) + [AyH°(ArSH,g) — was used’®8 Finally, a second reassessment (338 kJ mot%)

A Ho(ArS".g)] — [A. H(PhSH,g)— A. H°(PhS, 16 was made by Griller at af® simply by taking the enthalpy of
a1 9~ [AaH*( 9)~ AsnH( 9 (16) reaction 18 reported by Colussi and Benson and using different

Assuming that the bracketed terms in eq 16 cancel, the auxiliary d:_:\_ta. If the same exercise is repeated with the most
substituent effect can be assessed from the solution values'€cent auxiliary data (Table 1RH*(PhS-H) = 339.4+ 8 kJ
because the relative scales will be equal in solution and in the Mol is obtained.
gas phase. This has proved to be a sensible assumption for the The most recent literature value fdH°(PhS-H) was
study of substituent effects in phenolic compo#8and should ~ determined by Bordwell et at.,using the “electrochemical
be even more valid for the thiophenols, which are weaker acids Method” (EC). They obtaineBH®(PhS-H) = 331 kJ mot*,
than phenols. As such, the magnitude of the solvation effects Matching a PAC result mentioned in their paffeAlthough
is expected to be smaller for this family of compouRtisn absolute uncertainties in the EC_data are not given, they sh_ould
any case, the difference between the two bracketed terms in e?€ less than 13 kJ nol.** Regarding the PAC value, no details
16 should be smaller than the typical experimental uncertainties '€ availablé? This result could be affected by large systematic
(ca. 5 kJ mot?).3 The four relative bond dissociation enthalpies, €ors, such as the errors due to the volume change correction
ADH°(S—H), for the substituted thiophenols (ArSH) obtained and, to a lesser extent, to the enthalpy of the hydrogen bond
by TR-PAC are presented in Table 3, together with the values formation _between thiophenol and the solvent (not specified).
reported by Bordwell et &.and those predicted by DFT  Inconclusion, the more recent valuesli#i®(PhS-H) reported
calculations. These calculations led to the gas-phase enthalpie®y Bordwell et al. are significantly lower than those reported
of the isogyric and isodesmic reaction 17, which are equal to I early publications and also Iow_er than the r_esult of our _PAC
ADH°(S—H). The DFT results are from MPW1PW91/aug-cc- study, 349.4+ 4.5 kJ mot?. Incidentally, this value is in

pVDZ optimizations and from single-point energy calculations ©xcellent agreement with the “old” reassessment made by
with the aug-cc-pVTZ basis set. McMillen and Golden, 349t 8 kJ mol?. 38

To further substantiate our PAC result DH°(PhS-H), the
ArSH(g) + PhS(g) — ArS'(g) + PhSH(g)  (17) enthalpy of reaction 1 at 298 K was computed at several theory
levels, and the results are displayed in Table 4.

The TR-PAC results in Table 3 are in good agreement with the  DFT calculations show that the PW91 and MPW1PW91
relative values reported in the electrochemical study by Bordwell functionals underestimat®H°(PhS-H) by more than 35 kJ
et al. and also with the computational results, confirming that mol~?, in comparison with our experimental value. A similar
the substituent effects oH°(S—H) of thiophenols are difference between the DFT and experimental results for the
significantly smaller than the substituent effects DH°(O— O—H bond dissociation enthalpy in phenol has recently been
H) of the corresponding phenols. For example, regarding the observed? This is not unexpected because reaction 1 is not an
phenol analogues of the thiophenols presented in Table 3,isogyric and isodesmic reaction, thus not resulting in error
4-XCeH4OH where X= CHs, OCH;, Cl, and CkK, the O-H cancellation. However, as shown in Table 4, the best theoretical
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TABLE 4: S—H Bond Dissociation Enthalpy in ThiophenoP 42%%) Small, J. R.; Libertini, L. J.; Small, E. WBiophys. Chem1992
method DH°*(PhS-H) (11) Sound Analysisversion 1.50D (for Windows 95); Quantum

PW91/aug-cc-pVDZ 311.7 Northwest: Spokane, WA, 1999.
MPW1PW91/aug-cc-pVDZ 313.4 (12) Diogo, H. P.; Minas da Piedade, M. E.; Martinho SespJ. A,;
MPW1PW91/aug-cc-pVTZ 318.9 Nagano, Y.J. Chem. Thermodyri995 27, 597.
CBS-4M 338.1 (13) An important requirement of the PAC technique is that the
G3(MP2) 346.8 thermoelastic properties of the solution used in the calibration and those of
Exp. 349.4+ 4.5 the sample solution, namely, their adiabatic expansion coeffigiéeq 4),

should be identical. Because the solutions used are normally very dilute, it
aValues in kJ motl. ® TR-PAC result calculated from the experi-  is generally assumed that both will hgyequal to that of the pure solvent.
mental solution value in Table 2 (see text). There has been a nagging doubt as to whether this assumption is valid for
the experiments based on the approach illustrated in Scheme 1, because of
. L the fact that the sample solution contains ca. 7% (v/v) otedi
results, CBS-4M and G3(MP2) composite ab initio procedures, butylperoxide, whereas the calibration contains none. In fact, it was showed
predict 338.1 and 346.8 kJ md| respectively, the latter being  that, thehn methanol is used as tf;)e solvent,hboth tr}ehampliftude and thde afrrir\]/al
; ; time of the acoustic wave vary between those of the reference and of the
in good agreement \.Nlt.h the PAC re.su” reported here. The sample containing 15% peroxide, demonstrating a change in the thermoelas-
average absolute deviation from experiment for thermochemicaltic properties (Autrey, T.; Foster, N. S.; Klepzig, K.; Amonette, J. E.;
properties of G3(MP2) theory is 4.94 kJ mal® This is a Daschbach, J. LRev. Sci. Instrum.1998 69, 2246). We are currently

significantly improved value in comparison with the CBS-4M  investigating this matter by determining experimental valueg fufr the
olutions involved. However, using benzene, isooctane, and carbon

procedure which has a_n average absolute deviation of ca. 12 I(‘fetrachloride as solvents, all of the available evidence seems to corroborate
mol~1.4® Thus, we believe that the greater accuracy of the the assumption above: the shape and time of arrival of the photoacoustic
G3(MP2) theory supports our present experimental result for waveform is the same for calibration and experiment, and increasing the
DH°(PhS-H) 44 amount of peroxide in the sample solution does not noticeably affect the
’ time of arrival of the photoacoustic waveform. Moreover, and which is a
more rigorous test, a plot of the photoacoustic signal versus the amount of
Conclusions peroxide added during the experiment remains linear even beyond 12%
(v/v) of peroxide in solution (see also Clark, K. B.; Griller, Drgano-
Time-resolved photoacoustic calorimetry allows for the metallics1991 10, 746).
investigation of the thermochemistry of substrates that have a (14) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664.
nonnegligible absorbance at the radiation wavelength, provided ~(15) Perdew, J. P.; Wang, Yhys Rev. B 1992 45, 13244.

: - : _ (16) Parr, R.; Yang, W.Density-Functional Theory of Atoms and
that the reaction of interest and the photochemical or photo Molecules International Series of Monographs on Chemistry 16; Oxford

physical process(es) that result from that absorption occur atuniversity Press: Oxford, U.K., 1989.
different rates. The method was applied to the determination (17) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.
of the gas-phase-8H bond dissociation enthalpies in thiophenol (18) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.J.Chem. Phys.

and several substituted thiphenols. The result obtained for 19?(’129?6632982 L A: Redfern, P. C.: Raghavachari, K.; Rassolov, V.
thiophenol, supported by high-level quantum chemistry calcula- Pople, J. A.J. Chem. Phys1999 110, 4703. T C

tions, is significantly higher than the most recent values reported (20) Ochterski, J. W.; Petersson, G. A.; Montgomery, J. AJ.JEhem.
in the literature, but it is in excellent agreement with the value Phys.1996 104, 2598.
recommended in a widely used reviéiWlhe bond dissociation (21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

enthalpies obtained for the substituted thiophenols are in keepingyy. :ﬁ%aiﬂeiaseg?gyugén?ﬁ ng'rlzi)e;;/)?)l;li;:fy : sq'h?ﬂgr'ﬁgﬁmﬁr-y’oinféig "

with the conclusion drawn by Bordwell et al. that substituent p : kudin, K. N.; Strain, M. C.: Farkas, O.; Tomasi, J.. Barone, V.: Cossi,
effects on the ©H bond are much stronger than those on the M.;hCanlzmi, R.; Mennucci, B,; Plomelli, C.; Adamo, (IZ( Clifford, IS.;k
3 Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
less pOIar SH bona: D. K.; Rabuck, A. D; Raghavac);mari, K.; Foresman, J. B.; Cioslowski, J.;
. Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
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