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Introduction

The en thalpy change that occurs in a photoinduced

chem ical reaction in solution can be quan tified by a

relatively sim ple techn ique known as photoacoustic cal-

orim etry (PAC), which allows m easurem en ts to be per-

form ed under conditions (i.e., tem perature, solven t, etc.)

relevan t to m ost chem ical and biochem ical processes.

Photoacoustic calorim etry was first applied in 1983 to

radical processes by Rothberg et al.,1 who determ ined the

en thalpy of hydrogen abstraction from an iline by trip let

benzophenone to form the benzhydrol am ine radical pair.

Peters and co-workers2 developed a tim e-resolved m ethod

to deconvolute the photoacoustic signal from the sam ple

solution in to a detector response function (obtained from

calibration ) and a (tim e-dependen t) response from the

process under study. At about the sam e tim e, Griller and

co-workers3 focused on the application of PAC to the

determ ination of bond dissociation en thalp ies (BDEs),

using an instrum en t adapted from that used by Peters,

but with the experim en tal m ethod sim ilar to that de-

scribed in th is Accoun t.

Bond strengths and heats of form ation, ∆fH, are of great

im portance in understanding the stability and reactivity

of reactive species, such as radicals. In m ost cases,

consideration of the en thalpy allows one to predict the

course (selectivity) of a reaction . While the bond strengths

in m any sim ple hydrocarbons have been m easured using

various gas phase techn iques4 to a precision of 1-2 kcal

m ol-1, the accepted absolute values have changed sig-

n ifican tly over the last 30 years. For instance, the BDE-

(C-H) in benzene has risen from 1035 to 113.56 kcal m ol-1

and that of the benzylic C-H in toluene from 855 to 904

kcal m ol-1. Consequen tly, m any BDEs that were derived

using these reference values changed as well. Despite their

im portance, BDEs in m ore com plex species are m ore

difficult to m easure and thus less reliable.7 Experim en tal

approaches for the direct and indirect determ ination of

BDEs in the gas phase4,7 or in solution (electrochem ical

cycles8 and PAC) as well as new com putational m ethods

such as density functional theory9 have led to a dram atic

increase in the num ber of reliable BDEs for organ ic and

organom etallic com pounds. For consistency, all of the

data are norm ally extrapolated to standard state condi-

tions (i.e., 298 K in the gas phase). While this extrapolation

allows for com parison with the vast store of gas phase

data, som e questions have em erged concern ing solven t

effects on the reaction and bond dissociation en thalp ies.

For practical purposes, m ost chem ical processes of in ter-

est to chem ists and biochem ists occur in the condensed

phase (usually in solution) and therefore direct m easure-

m en t of solution therm odynam ics precludes the need to

assess the effect of the solven t.

This Accoun t describes the recen t advances in the

application of PAC for the determ ination of bond dis-

sociation en thalp ies (eqs 1 and 2). Although the experi-

m en tal approach is relatively straightforward, the proper

treatm en t of the data requires detailed insight in to the

fundam ental aspects of the techn ique. Without these

considerations, large system atic errors and thus erroneous

results m ay arise. In the recen t period, we have developed

a detailed m ethodology to ensure that the PAC enthalpy

determ inations are consisten t and that solven t effects are

correctly incorporated.

The Photoacoustic Response

Photoacoustic calorim etry is a therm odynam ic m ethod to

determ ine a bond strength in solution . The physical basis

for PAC is deceptively sim ple; rapid heat release from a

photoin itiated process in a lim ited, well-defined volum e

results in a local change in density, generating a pressure

wave that propagates through the solution at the speed

of sound. Detection and quan tification of th is pressure

wave is the basis of the techn ique.
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•
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With PAC, on ly the heat released with in a well-defined

tim e in terval is detected (prom pt heat release; vide in fra).

The heat in tegration tim e is determ ined by the properties

of the instrum en t and the detector. Density changes due

to gradual heat dissipation do not con tribute m easurably

to the photoacoustic response. Thus, the tim e dependence

can be used to advan tage since it is possible to discrim i-

nate against “slow” processes such as relaxation from a

trip let state or reactions at or above the m illisecond tim e

scale.

The relation between the heat release and the photo-

acoustic response has been described m athem atically

by adapting basic equations from flu id m echan ics to

the experim en tal circum stances in PAC.1,10-14 While

several reports have appeared over the last two decades,

in which the developm ent and applications of PAC are

described,15-19 in th is Accoun t we will h ighlight the

procedure by which reaction enthalpies are retrieved from

a photoacoustic experim en t. The photoacoustic effect is

a consequence of nonradiative deactivation by in ternal

conversion , in tersystem crossing, or a chem ical reaction

of an excited state form ed after absorbing the photon

energy, Ehν. Equation 3 provides the relation between the

fraction of absorbed light, fthEhν(1 - 10-A) with A as the

absorbance, and the therm al energy, Eth. The resulting

tem perature increase in the irradiated cylindrical volum e

as determ ined by the heat capacity of the solution , Cp,

causes the m edium to expand. The m agn itude of the

expansion is related to the isobaric expansion coefficien t

of the solvent, R. If the therm al expansion is adiabatic (i.e.,

no heat diffusion occurs), the increase in volum e is

proportional to the am oun t of released heat. The volum e

change in itiates a therm al shock, which is detected as a

pressure change by a piezoelectric sensor (m icrophone).

The m agnitude of the observed pressure change is linearly

proportional to the disp lacem en t and thus to the in itial

heat release.

The observed pressure wave is a m easure of the total

volum e expansion that has occurred: a com posite of

expansion due to the release of chem ical heat and that

due to the change in the volum e occupied by the products

com pared to reactan ts (∆rV).20 The form er is the desired

quantity for calculating of the reaction enthalpy. The latter

quan tity, the reaction volum e change, is on ly sign ifican t

when the num ber of chem ical species changes (i.e., when

the num ber of bonds broken is not equal to the num ber

of bonds form ed) or when large conform ational changes

occur in m ore com plex m olecules, such as proteins.20-22

The detector cannot discrim inate between these two

volum e changes. The experim en tally observed photoa-

coustic response, Sobs, is described by eq 4, in which c is

an instrum en tal response factor, fobs is the apparen t

fraction of light converted in to heat (vide in fra), and øs is

the adiabatic expansion coefficien t of the m edium which

equals MR/CpF, where M is the m olecular weight and F

the density. Therefore, it is necessary to extract the value

of fth from the experim en tally determ ined fobs. We define

the m agn itude of Sobs as the peak-to-peak am plitude of

the first oscillation . A sim ple block diagram of the instru-

m en t is shown in Figure 1. A typical transducer response

generated by a photoacoustic shock wave is shown in the

inset of Figure 2.

FIGURE 1. Block diagram of the PAC instrument. The laser pulse passes through a beam splitter which sends a small fraction (ca. 10%) of
the incident light to a phototrigger and power meter to normalize for laser energy fluctuations. The remaining light initiates the photoreaction
in the photoacoustic cell. The transmission of the sample is measured with a spectrophotometer (the spectrophotometer can be replaced
with a second power meter). Solutions are allowed to flow slowly through the cell to ensure that reagents are not depleted. The signals are
amplified and collected by a digital oscilloscope and analyzed using a PC.

Eth ) fthEhν(1 - 10
-A

) (3)

Sobs ) cfobsEhνøs(1 - 10
-A

) (4)
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Retrieving the Reaction Enthalpy

In the absence of radiative decay (i.e., lum inescence), the

heat released is related to the absorbed energy, Ehν(1 -

10-A), the en thalpy of the reaction in solution , ∆rHsol, and

the photochem ical quan tum yield, Φ (eq 5). However,

the experim en t provides a value of fobs, not fth, and

produces on ly a m easure of the apparen t reaction en-

thalpy, (∆rH) app
sol

(eq 6), which still con tains con tributions

from the reaction volum e change, reinforcing the fact that

the observed signal con tains m ore in form ation than the

reaction en thalpy alone. The apparen t reaction en thalpy

is described by eq 6, which depends on three param -

eters: Φ, ∆rV, and ∆rH. Knowledge of any two of these

allows the th ird to be determ ined. Since one norm ally is

in terested in the en thalpy, independent m easurem ents or

estim ates of the quan tum yield and reaction volum e are

im perative. Indeed, we have also used this expression to

determ ine ∆rV for the photodissociation of di-tert-butyl

peroxide, for which the en thalpy is well-known (vide

in fra).

The value of fobs is determ ined by establishing the linear

relationship (eq 4) between the signal (Sobs) and the

am ount of light absorbed by the sam ple (1 - 10-A) to yield

a slope aobs ) cfobsEhνøs. In practice, th is slope is obtained

by varying the concen tration of the absorbing species or

the in tensity of the inciden t light. The photoacoustic

response is norm alized for variations in the laser in tensity

by dividing the observed signal by the m easured laser

pulse energy. The instrum en t is calibrated by com paring

the photoacoustic signal from the sam ple with that from

a com pound that returns all absorbed light as heat. A

num ber of suitable calibration com pounds for organ ic

solven ts and aqueous system s have been tabulated else-

where.19 We have used ferrocene and 2-hydroxyben-

zophenone for photolysis at 337 nm (n itrogen laser) in

organ ic solven ts. Since there is no accom panying volum e

change associated with the calibration response, fobs ) fth

) 1. The value of fobs for the sam ple in question is sim ply

the ratio of the slopes for the sam ple, aobs, and the

calibration com pound, acal (fobs ) aobs/acal). Thus, for an

exotherm ic reaction , m ore energy is returned than sup-

plied to the system and fth (but not necessarily fobs, eq 6)

is larger than un ity. Great care m ust be taken to ensure

that the values of c and øs are the sam e during calibration

and sam ple m easurem en t. An exam ple of the resulting

plots is shown in Figure 2. Errors can be m in im ized by

signal averaging. It is essen tial that linear p lots of Sobs vs

(1 - 10-A) are obtained. In our experience, linear regres-

sion coefficien ts, r2, of 0.9996 are routinely achieved,

leading to an error in (∆rH)sol of (1.5 kcal m ol-1.

Bond Dissociation Enthalpies

By use of reactions 7 and 8, the R-H bond dissociation

en thalpy can be determ ined since PAC can m easure the

FIGURE 2. Typical plot for a photoacoustic experiment w ith a mixture of di-tert-butyl peroxide and phenol (0.1 M ) in benzene. Linear relations
between SN (Sobs normalized for laser energy fluctuations) and absorbed light (1 - T) 1 - 10-A) are shown for the calibration compound
2-hydroxybenzophenone (9) and for phenol (4). The ratio aobs/acal ) fobs ) 1.056. With eqs 6 and 11, a photon energy, Ehν, of 84.8 kcal mol-1,
Φ ) 0.83, and ∆H(PhOH‚‚‚S) ) 1 kcal mol-1, BDE(O-H) in phenol is 87 ( 1 kcal mol-1. Insert: The actual photoacoustic signal as monitored
by the piezoelectric microphone. The peak-to-peak amplitude of the first oscillation equals Sobs. Other oscillations originate from shock waves
reflected from the wall of the photoacoustic cell.

∆rH
sol

)
(1 - fth)Ehν

Φ
(5)

(∆rH) app
sol

)
(1 - fobs)Ehν

Φ
) ∆rH

sol
-

∆rV

øs

(6)
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en thalpy for the overall process (reaction 9). It is clear

that m easuring the en thalpy for the overall reaction (9) is

quite a long way from actually determ in ing the bond

dissociation enthalpy. To obtain the BDE in solution , ∆rV/

øs (eq 6) needs to be independently determ ined. According

to eq 6, a plot of (∆rH) app
sol

vs 1/ øs should give a straight

line with slope ∆rV and in tercept ∆rHsol. Herm an and

Goodm an 21 and Hung and Grabowski23 varied øs by

applying a hom ologous range of solven ts or solven t

m ixtures. We m easured the quan tum yield for the pho-

todissociation of di-tert-butyl peroxide (reaction 7) in

various solven ts. Since the therm ochem istry for the dis-

sociation (∆7H ) 38 kcal m ol-1) is known, it was possible

to calculate the values for ∆7V/ øs from eq 6, using the fobs.

We showed that the ∆7V ) 12.4 m L m ol-1, independen t

of the solven t.24

A second com plication to overcom e lies in the fact that

the peroxide and alcohol in eq 9 are in solution while their

available heats of form ation pertain to the gas phase. The

change in solvation en thalpy associated with the conver-

sion of 1 m ol of di-tert-butyl peroxide in to 2 m ol of tert-

butyl alcohol in a given solven t can , in princip le, be

m easured by solution calorim etry. However, it is not

necessary to actually m easure these values. Our research

groups have followed a rather pragm atic approach to

resolve th is difficulty.24 To retrieve a bond dissociation

enthalpy, a solvent-dependent correction term , (∆∆sH)app,

to include the reaction volum e change (∆rV) and the

change in solvation en thalp ies (∆sH), was developed. By

studying the reaction of di-tert-butyl peroxide with 1,4-

cyclohexadiene (eq 10), we could determ ine (∆∆sH)app in

various solven ts. This approach is based on the key

assum ption that the C-H bond en thalp ies in the gas

phase (76 kcal m ol-1)25 and in solution are the sam e.

Accordingly, the difference between (∆10H) app
sol

and the

known gas phase value for ∆10Hgas provides the solven t

correction factor for a particular solven t. We have found

these values to be rem arkably constan t, ranging from -9

kcal m ol-1 in nonpolar solvents to -13 kcal m ol-1 in polar

solven ts (see Table 1). Thus, a sim ple expression for the

bond energy, BDE(R-H)sol, can be derived by collecting

the known heats of form ation and the em pirical correction

factor for the solven t (eq 11). In th is equation , the

constan t of 86.0 kcal m ol-1 encom passes the relevan t gas

phase heats of form ation for tert-butyl alcohol,26a the

hydrogen atom ,26a and di-tert-butyl peroxide26b of -74.7,

52.1, and - 81.6 kcal m ol-1, respectively, at 298 K.

Solvent Effects on Bond Energies

In the determ ination of the solven t correction factors, the

explicit assum ption has been m ade that the heats of

solvation for 1,4-cyclohexadiene and cyclohexadienyl are

not sign ifican tly in fluenced by the nature of the solven t,

in agreem en t with guidelines previously suggested by

Griller and co-workers.27 These sim ple guidelines state

that (1) heats of radical reactions in nonpolar solven ts will

be the sam e as those in the gas phase and (2) heats of

free radical reactions in polar solven ts will differ from

those in the gas phase to an exten t that reflects the

solvation energies associated with the net form ation or

destruction of polar species. Indeed, rem arkably good

agreem ent can be found for C-H bond en thalp ies deter-

m ined in the gas phase and in solution using PAC or

electrochem ical m ethods. Obviously, this assum ption does

not hold for the transform ation of the peroxide in to tert-

butyl alcohol. The latter has an appreciable dipole m o-

m ent, and the heat of solvation will depend on the solvent

used. From Table 1 it can be in ferred that since the

chem ical volum e change rem ains fairly constan t, the

change in ∆∆sH is directly related to the increase in the

solvation en thalpy of the alcohol.

The en thalpy m easurem ents becom e even m ore com -

plicated when hydrogen bonding takes place between the

com pound of in terest and the solven t. As an exam ple, we

studied the BDE(O-H) in phenol. Hydrogen abstraction

by the tert-butoxyl radical on ly occurs with the non-

hydrogen-bonded fraction of phenol, and therefore the

m easured en thalpy change now includes the solven t/

solu te equilibrium . Consequen tly, the apparen t O-H

bond strength of phenol is h igher in aceton itrile than in

benzene, due to an additional hydrogen-bonding enthalpy

(Table 2).24 However, after in troducing the known en-

thalpy change associated with the form ation of a hydrogen

bond, we were able to arrive at one gas phase bond

en thalpy in all solven ts in good agreem en t with the

accepted literature value of 87 kcal m ol-1.24

t-BuOOBu-t98
hν

2t-BuO
•

(7)

t-BuO
•
+ RH f t-BuOH + R

•
(8)

t-BuOOBu-t + 2RH 98
hν

2t-BuOH + 2R
•

(9)

BDE(R-H)
sol

)
(∆9H) app

sol

2
-

(∆∆sH)app

2
+ 86.0 (11)

Table 1. Solvent Correction Factors, (∆∆sH)app, for
PACa

solvent (∆10H) app
sol (∆∆sH)app

b ∆7V/øs
c

isooctane -30 -10 5.8
carbon tetrachloride -29 -9 3.2
benzene -29 -9d 3.7
acetonitrile -33 -13d 3.8
ethyl acetate -33 -13 3.8

a Reaction 10; average of at least four independent determina-
tions; enthalpies in kcal mol-1. The experimental error is 2 kcal
mol-1.24 b In the gas phase, the BDE(C-H) of 1,4-cyclohexadiene
is 76 kcal mol-1,25 leading to ∆10Hgasof -20.3 kcal mol-1. c As-
suming an average value of ∆7V ) 12.4 mL mol-1. d Similar values
has been found for tetralin (-9) and tetrahydrofuran (-13).30
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Time Resolution and Parallel/Consecutive
Processes

The tim e resolution of a PAC experim en t is determ ined

by the acoustic transit tim e τa ) R/ υa (R ) laser beam

radius, υa ) speed of sound in the m edium ). Braslavski

and Heibel19 suggested a tim e resolution (τeff) of 1.47τa or

2τa: all heat released with in th is tim e is in tegrated and

included in the prom pt heat release fobs. For a laser beam

width of 1 m m and υa varying from 900 to 1400 m s-1 in

organ ic solven ts, τeff is around 10-6 s. Hence, the lifetim e

for the tert-butoxyl radical in the reaction sequence

em ployed, 1/ (k 8[RH]), should be at m ost 0.2τeff to ensure

that m ore than 99% of the reaction heat is detected. By

varying τeff (i.e., changing the laser beam radius), one can

cause different parts of the exponential decay to fall within

the prom pt heat dom ain which can be used to determ ine

the reaction tim e scales.28

The success of a photoacoustic experim ent depends on

knowing the reaction rate in relation to the heat in tegra-

tion tim e. If a reaction (i.e., the heat deposition ) is too

slow, it will not be com pleted before the heat in tegration

tim e lapses. In th is case, the observed signal is actually a

convolution of the chem ical decay rate with the instru-

m ent response function . On the other hand, if the prim ary

reactions are fast enough, subsequen t reactions m ay

contribute to the heat in tegration , changing the am plitude

of the photoacoustic signal. In fact, it is th is effect that

allows one to use eqs 7 and 8 to determ ine the bond

energy.

Using standard kinetics theory, the heat that is ex-

pected from a certain reaction or reaction sequence can

be predicted. The photodissociation of di-tert-butyl per-

oxide is instan taneous, resulting in in itial concen trations

of tert-butoxyl radicals in the irradiated volum e of ap-

proxim ately 10-6 M. The rate constan ts of the subsequent

hydrogen abstractions are usually known from the litera-

ture. For exam ple, the abstraction of a hydrogen atom

from phenol, with a rate constan t of 3.3 × 108 M-1 s-1 in

benzene,29 is fast enough to deliver all reaction heat (∆8H

)-18 kcal m ol-1) within the photoacoustic tim e window,

even at low phenol concentrations. However, the abstrac-

tion of the benzylic hydrogen from toluene (∆8H ) -16

kcal m ol-1), with a rate constan t of 2.3 × 105 M-1 s-1,29

is too slow, even in neat toluene (Figure 3). With a

photoacoustic tim e window of 1 µs, on ly fast processes

are observed. Therefore, even if the concen tration of R•

were to rise to as high as 10-6 M, radical-radical coupling

will not con tribute to the observed signal, despite the

diffusion-con trolled rate constan t.

In the determ ination of the R-C-H bond strength in

tetralin (TET),30 with a low rate constan t for hydrogen

abstraction , the tim e lim itation was circum ven ted by

adding a second reactan t, tetrahydrofuran (THF), with a

known bond strength and a known higher reaction rate

constan t. The result of th is com petitive hydrogen atom

abstraction process is that the lifetim e of the tert-butoxyl

radical rem ains well with in the photoacoustic tim e do-

m ain . Under these conditions, the fraction of the observed

reaction en thalpy from each of the com peting processes

is determ ined by the rates of the two individual reactions

(eqs 12 and 13). A plot of ∆9Hsol against ê yields a straight

line with a slope that depends on the difference in reaction

en thalpy for the two processes. If these en thalp ies are

exactly known, it is possible to determ ine the kinetics for

one of the com peting reactions (i.e., ê is unknown). On

that basis, we have dem onstrated30 that, with a high (>2

M) reactan t concen tration , the rate constan t for hydrogen

abstraction is around 40% lower than the literature value.

The rate constan ts for reaction 8 are usually m easured

by m eans of laser flash photolysis (LFP) at low substrate

concen trations. The apparen t deviation can be ascribed

to the operation of bulk solven t properties (e.g., activities

instead of concen trations). Hence, PAC can also been

applied to retrieve rate constan ts under conditions which

are not accessible by conven tional m ethods.

Revised Bond Dissociation Enthalpies

A variety of organ ic and organom etallic com pounds have

been studied with PAC in our laboratories in the past

decade, dem onstrating the applicability of the techn ique

Table 2. Solution Bond Dissociation Enthalpies, BDE((O-H)sol, for Phenola

solvent (∆9H) app
sol BDE(O-H)sol ∆H(PhOH‚‚‚S) BDE(O-H) corr

sol e

isooctane -9.8 86.2 0c 86.2
carbon tetrachloride -5.1 88.0 0d 88.0
benzene -6.5 87.3 1.0 86.3
acetonitrile 0.8 93.0 4.7 88.3
ethyl acetate 0.7 93.0 4.7 88.3
dimethyl sulfoxide 94b 6.6
triethylamine 96b 8.9
solution av 87.4
gas phase 87f

a Data from ref 24; all energies are in kcal mol-1. For simplicity, the bond energies are defined with the standard state of the hydrogen
atom being 298 K in the gas phase rather than in solution as was defined in ref 24. b Estimated from the known enthalpy of hydrogen
bond formation (Arnett, E. M.; Mitchell, E. J.; Murty, T. S. S. R. J. Am. Chem. Soc. 1974, 96, 3875-3891) by following the procedure in
ref 24. c Assumed. d By definition. e Solution bond energy corrected for hydrogen bonding to the solvent calculated by subtracting from
BDE(O-H)sol the enthalpy of hydrogen bond formation between the phenol and the solvent. f Arends, I. W. C. E.; Louw, R.; Mulder, P.
J. Phys. Chem. 1993, 97, 7914-7925.

∆9H
obs

) ê∆9H
TET

+ (1 - ê)∆9H
THF

(12)

ê )
k 8

TET
[TET]

k8
TET

[TET] + k8
THF

[THF]
(13)
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to retrieve bond dissociation enthalpies, reaction volum es,

and kinetic in form ation . However, som e of the earlier

results should be treated with caution since not all of the

above considerations were incorporated in the data

analyses. In the earlier publications, reaction volum e

effects and heats of solvation were generally not consid-

ered and in som e cases they were assum ed to be negli-

gible. Table 3 lists the bond dissociation en thalp ies that

were determ ined using PAC, by following the basic

m ethod outlined in the first part of th is Accoun t. PAC

literature data31 for a num ber of ligand-m etal BDEs are

not included. Where possible, revised bond strengths are

given, based upon the reported values for fobs, but applying

the correct quan tum yield (see Table 3, footnote a), the

constan t 86.0, and the solven t correction factor (∆∆sH)app

according to eq 11.

From the original work of Griller,3 revised bond dis-

sociation en thalp ies of 79 and 77 kcal m ol-1 are obtained

for Bu 3Sn-H and 1,4-cyclohexadiene, respectively. Due

to incom patibly slow kinetics for the hydrogen atom

abstraction from diethyl ether, we are not able to reevalu-

ate the en thalpy of th is process.

In isooctane, a Si-H bond strength of 90 kcal m ol-1

has been reported for triethylsilane (en try 4),32 which at

that tim e was in line with the known heats of form ation

of silanes and silyl radicals. Revision leads to 96 kcal

m ol-1, which is in close agreem ent with the now accepted

BDE(Si-H) bond strength of 95 kcal m ol-1.33

The reported O-H bond strengths7,34 (en tries 7 and 8)

in phenol are clearly too low. Reconsideration yields a BDE

of 87 kcal m ol-1, which is perfectly in line with the results

published a few years later (en try 9).24 We also studied

the effect of ring substitu tion on the O-H bond strength ,

resulting in a correlation between ∆BDE(O-H) and the

Ham m ett σ+ constan t.34 This correlation was later ex-

tended to a wider range of phenols, including the toco-

pherols.35

In a study of the R-C-H bond strength in a num ber of

alcohols (en tries 10-14), using photolysis of hydrogen

peroxide in water as the radical source, Kanabus-Kam in-

ska et al.27 showed that the difference in solvation en-

thalp ies between hydrogen peroxide and water m ust be

incorporated in the analysis. However, the absolute bond

dissociation en thalp ies are still not com patible with the

m ost recen t gas phase values. For com parison , the ac-

cepted BDE(C-H) for m ethanol4 is 96.1 kcal m ol-1, while

PAC renders a value which is 4 kcal m ol-1 lower. It is

probable that the reason for the discrepancy is the

unknown con tribution of the reaction volum e change in

th is solven t m ixture.

Due to the sluggishness of the hydrogen abstraction

by the hydroxyl radical from CH3CN (en try 15) and

CH3COO- (en try 16), a com petitive hydrogen abstraction

from hydrogen peroxide takes place (eq 14).27 However,

the en thalpy for reaction 14 in solution is not known so

the two com peting con tributions cannot be separated at

th is tim e.

To determ ine the heat of form ation of the benzoyl

radical, triethylsilane has been in troduced as a coreac-

tan t,37 in order to ensure a fast halogen atom abstraction

from benzoyl chloride (eqs 15 and 16). This procedure has

also been applied to sulfonyl chlorides42 and benzyl

brom ides.43

FIGURE 3. Release of reaction enthalpy for hydrogen abstraction from 0.1 M phenol (--) and neat, 9 M , toluene (s) as a function of the
integration time for the detector. The vertical line at 1 µs denotes the limit of the prompt heat domain (τeff) for photoacoustic calorimetry. The
dotted horizontal line (‚‚‚) represents the final reaction enthalpy with toluene.

HO
•
+ H2O2 f H2O + HO2

•
(14)

t-BuO
•
+ Et3SiH f t-BuOH + Et3Si

•
(15)

Et3Si
•
+ PhC(O)Cl f Et3SiCl + PhC(O)

•
(16)
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The carbon-hydrogen bond dissociation en thalpy in

1,4-pen tadiene38 was found to be com patible with that

obtained from gas phase therm olysis 45a (76 kcal m ol-1).

Reevaluation of the original PAC data shows that the BDEs

in the (substitu ted) pen tadienes (en tries 20-22) are too

high (e.g., BDE(C-H) in pen tadiene: 82 kcal m ol-1).

Addition of a tert-butoxyl radical to the double bonds45b

is a com peting reaction , which m ay occur to an exten t of

10-20% of the overall reaction . This addition is less

endotherm al than the abstraction from the m ethylene

hydrogen , and according to eq 11, ∆rHsol increases, which

leads to an overestim ation of the BDE(C-H). Upon

substitu tion of the m ethylene group by OH (com pare

en tries 20 and 22), the rate for hydrogen abstraction

increases and the relative con tribution of the addition

process decreases. The latter exam ple underscores the

requirem en t to know the kinetics in som e detail in order

to use the PAC techn ique.

Concluding Remarks

Over the past decade, photoacoustic calorim etry has

m atured in to a versatile tool for therm odynam ic and

kinetic m easurem en ts in a broad range of discip lines. It

provides fundam ental in form ation concern ing in ter- and

intram olecular in teractions and chem ical transform ations.

Reaction en thalp ies in solu tion on a m icrosecond tim e

scale can now be established accurately by adopting the

straightforward experim en tal approach described in th is

Account. Most im portantly, reaction enthalpies in solution

Table 3. Bond Dissociation Enthalpies, BDE, Determined by PAC in kcal mol-1 at 298 K

entry compound solvent BDEa ref BDEa revised

1 (C4H9)3Sn-H isooctane 74 3 78
2 1,4-c-C6H7-H isooctane 73 3 77
3 C2H5OCH(-H)CH3 isooctane 93 3
4 (C2H5)3Si-H isooctane 90 32 96b

5 (CH3)3Si(CH3)2Si-H isooctane 85 32 91
6 ((CH3)3Si)3Si-H isooctane 79 32 84b

7 C6H5O-H benzene 84 2 c
8 C6H5O-H benzene 84 34 87d

9 C6H5O-H various 87 24 87d

10 CH2(-H)OH water 92 27 e
11 CH3CH(-H)OH water 92 27 e
12 (CH3)2C(-H)OH water 89 27 e
13 (CH(-H)OH)2 water 90 27 e
14 (CH2(-H))3OH water 99 27 e
15 CH2(-H)CN water 96 27 e
16 CH2(-H)COO- water 92 27 e
17 DHA (C9-H)f benzene 78 36 g
18 9,9-(CH3)2DHA (C10-H) f benzene 77 36 g
19 PhC(O)-Cl benzene 81 37 87
20 (C2H3)2C(-H)H benzene 77 38 h
21 (C2H3)2C(-H)CH3 benzene 77 38 h
22 (C2H3)2C(-H)OH benzene 69 38 h
23 (CH3)3Ge-H benzene 82 39 87b

24 (C2H5)3Ge-H benzene 82 39 86b

25 (C4H9)3Ge-H benzene 83 39 88b

26 (C6H5)H2Ge-H benzene 79 39 86
27 (C6H5)2HGe-H benzene 80 39 85
28 (C6H5)3Ge-H benzene 80 39 85
29 (CH3S)3Si-H benzene 83 40 87
30 (i-C3H7S)3Si-H benzene 86 40 90
31 (CH3)2NCH2-H benzene 87 41 91i

32 2-oxomorpholinej (C3-H) benzene 75 41 78i

33 morpholine (C3-H) benzene 91 41 94i

34 piperazine (C2-H) benzene 90 41 93i

35 (CH3)SO2-Cl benzene 70 42 70k

36 (C6H5)SO2-Cl benzene 71 42 71k

37 tetrahydrofuran (C2-H) THF 92 30 92
38 tetralin (C1-H) tetralin 83 30 83
39 C6H5CH2-Br various 61 43 61
40 C6H5NH-H benzene 90 44 90l

41 (C6H5)2N-H benzene 87 44 87m

a Reported BDEs in the original papers; where possible, these values have been reevaluated according to eq 11 and employing the
quantum yield for the photodissociation of the di-tert-butyl peroxide: Φbenzene ) 0.83, or 1/(1 - Φ) ) 2.6 exp(0.48/η) with η the viscosity
(in cP) of the medium.24 Error margins are 1.5 kcal mol-1. b The small contribution, within error margins, for side chain hydrogen
abstraction is not included. c Time-resolved PAC, deconvolution method. d Substituted phenols have been studied on several occasions,
yielding the following ∆BDEs (kcal mol-1): 4-CN, 5.6; 4-CF3, 3.2; 4-Cl, 0.4; 4-t-Bu, -1.9; 4-MeO, -5.8; 2,4,6-Me3, -5.5; 2,6-(t-Bu)2-4-Me,
-7.7; 2,4-(t-Bu)2, -5.2; 2,6-Me2-4-MeO, -10.1; γ-tocopherol, -7.1; R-tocopherol, -10. See refs 34 and 35. e See text. f DHA )

9,10-dihydroanthracene; 9,9-(CH3)2DHA ) 9,9-dimethyl-9,10-dihydroanthracene. g Substrate concentrations were chosen too low compared
to the PAC time window. h Values after evaluation are 82, 82, and 74.0 kcal mol-1, respectively. However, addition of t-BuO• to the
double bond takes place as well, and the two processes cannot be disentangled (see text). i A volume correction of +2.1 kcal mol-1 was
already incorporated in the original paper. j A number of substituted oxymorpholines and related compounds have been studied as well.41

k Measured relative to CCl4; solvation correction is not necessary. l Substituent effects in ∆BDE (kcal mol-1): 4-Me, -2.2; 4-F, -0.9.
m ∆BDE for 4,4′-Me2: -1.0 kcal mol-1.
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can be determ ined directly, thus obviating the need to

convert gas phase properties to those in solution . Fortu-

nately, in m ost cases there is good agreem en t between

gas phase and liquid phase BDEs. However, th is is not

the case for hydroxylic and other acidic X-H bonds. While

th is Accoun t has focused on the application of PAC for

the determ ination of bond dissociation en thalp ies, other

physicochem ical properties such as the m agn itude of

hydrogen bonding between the solute and solven t or the

chem ical volum e change can be retrieved by the sam e

m ethod. In the future, we expect the application of PAC

to extend from m erely fundam ental aspects of chem ical

reactions in to areas of applied chem istry and biochem -

istry.
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