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Photolysis of 59-deoxy-59-adenosylcobalamin (AdoCbl) in neutral aqueous solution and methylcobalamin
(MeCbl) in neutral and acid aqueous solution has been investigated using pulsed, time-resolved photoacoustic
calorimetry in the temperature range 10–30 8C. The enthalpy changes for the above cobalamins, 129 ± 17,
163 ± 21 and 176 ± 23 kJ mol21, respectively, are consistent with the values obtained by thermolytic kinetic
methods. The reaction volume changes for them, 6 ± 1, 2 ± 0.5 and 5 ± 1 ml mol21, respectively, are probably
due to the conformational changes of the corrin ring and its side chains accompanying Co]C bond cleavage.

Coenzyme B12 (59-deoxy-59-adenosylcobalamin, abbreviated
AdoCbl, Fig. 1) is a cofactor in over a dozen enzymatic reac-
tions, in which 1,2-intramolecular rearrangements of the sub-
strates occur. The essential first step in the catalytic cycle of B12-
dependent mutases is the homolytic cleavage of the Co]C bond
to produce a 59-deoxy-59-adenosyl radical and paramagnetic
cobalamin (B12r).

1–4 While isolated AdoCbl undergoes slow
thermolysis at ambient temperature (25 8C, k ≈ 10210 s21), the
mutases can catalyze Co]C bond cleavage (e.g. 25 8C, k ≈ 102

s21) by about 12 orders of magnitude.5 How these enzymes
accelerate rupture of the Co]C bond and achieve such a level is
a focus-point in B12 chemistry.

Knowledge of the Co]C bond dissociation energy (BDE) of
AdoCbl and related organocobalt compounds, and the factors
that influence such bond dissociation, may help to understand
enzyme-induced bond weakening and dissociation. Since
Finke 5 and Halpern 6 accomplished the measurement of the
cobalt–carbon BDE of AdoCbl by determining the kinetics of
the thermal bond dissociation process, in which radical trap
complexes were used to scavenge organic radicals, great efforts
have been devoted to the field.7–10 It has been revealed that there
may be an interplay between the trans and steric influences of
the axial Ado and 5,6-dimethylbenzimidazole (DMBz) ligand,
and further, the steric rather than electronic effects modulate
the lability of the Co]C bond.5–11

Recently, Brown suggested that side chain thermal motions
of the corrin ring might be an important source of entropic
activation for the homolysis of such complexes.12 One hypoth-
esis here, that of enzyme-induced corrin ‘butterfly’ or ‘upward’
conformational distortion with its resultant corrin ring–
adenosyl steric interactions to ‘lift’ the adenosyl group from
cobalt and otherwise distort it along the Co]C bond,4,11,13 has
been accepted by bio-inorganic chemists but remains undemon-
strated in the B12 enzymes themselves. The recent X-ray crystal-
lographic structure determination for two B12-dependent
enzymes, i.e. AdoCbl-dependent methylmalonyl-CoA 14a and
MeCbl-dependent methionine synthese,14b reveals that the
cofactor is bonded in a DMBz base-off form and the cobalt
atom is co-ordinated via a long bond to a histidine residue from
the protein. It has also been proposed that photo-induced
homolysis is a consequence of the similar steric strain between
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the corrin ring and the Ado ligand.1,15–18 Crystallographic data
for various enzyme-free cobalamins suggest that interaction of
the corrin ring with axial Ado and DMBz bases causes ring
pucker or distortion, i.e. upward folding of one side of the
corrin ring.11a,19 However, quantitative data about the volume
change accompanying the relaxation process of a sterically
strained corrin ring during Co]C bond breaking were not
determined.

With the development of time-resolved photoacoustic calor-
imetry (PAC), it is now feasible to measure the dynamics of
enthalpy and volume changes that accompany ligand dissoci-
ation and/or molecular movements in photoinduced chemical
reactions.20–22 Since AdoCbl and alkylcobalamins undergo
photo-induced Co]C bond homolysis to produce Cob()-
alamin (B12r) and the corresponding alkyl radical, similar to
many of the B12-dependent enzyme reactions, we adopted the
PAC technique to assess volume changes resulting from the
conformational changes in the corrin ring and enthalpy
changes in the Co]C bond cleavage process.

Methylcobalamin (MeCbl), another B12 coenzyme, is known
to be biologically active and essential for human metabolism.1

We selected this molecule for investigation not only because
of its natural occurrence as a cofactor for a methyltransferase

Fig. 1 The structures of 59-deoxy-59-adenosylcobalamin and methyl-
cobalamin
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enzyme but also because CH3 is a small group and comparative
information could be obtained facilitating the investigation into
steric interaction and conformational changes of the corrin ring
during Co]C bond cleavage.

Experimental
Samples

59-Deoxy-59-adenosylcobalamin was obtained from Aldrich
and MeCbl prepared according to the literature.23 For PAC
experiments, the concentrations of AdoCbl and MeCbl were
1.5 × 1025  in neutral deionized water and in 0.05  HCl
aqueous solution. Potassium dichromate (AR) was used as a
calorimetric reference.21a

Apparatus and methods

Details for a similar experimental system using pulsed PAC
have been described previously.20–22 In our experiment a
Q-switched Nd:YAG laser (Continuum NP70) operating at 10
Hz, 355 nm, pulse width 8 ns, and 15 µJ was used as the excit-
ation source. The laser beam diameter was fixed by a 0.9 mm
pinhole, which determined the time resolution to be equal to
the travel time of the acoustic wave through the laser beam
diameter (about 600 ns in the aqueous solutions). Temperature
(10–30 8C) is kept constant within ±0.2 8C by using a thermo-
stat and a thermoelement placed directly into the sample cell.
Acoustic waves, an average of the signals from 100–200 pulse
excitations, were detected by a 2 MHz PZT cylindrical tube
transducer. The receiving area of this transducer is relatively
enlarged, compared with a conventional PZT disk, and its
receiving face just matches the cylindrical acoustic waveform
in the whole circumferential space. The output voltage is ampli-
fied by a HP-8847F and recorded on a HP-54510B instrument.
The data were transferred to a personal computer where each
acoustic wave was normalized to the laser energy measured by
a transient radiometer (DigiRad. R-752 and P-444). Sample
absorbances range from 0.2 to 0.3 at 355 nm (1 cm path length)
and are matched to that of a calorimetric reference. The
solutions are argon-saturated before pumping into the sample
cell, and flow continuously during photolysis (see Scheme 1).

Data analysis

According to previous studies,20–22 the acoustic signal (S) results
from expansion or contraction, i.e. the volume changes of the
irradiated sample [equation (1) where the parameter K is a

S = K∆V (1)

function of the instrument response]. There are two contribu-
tions to the overall volume changes. One is derived from the
thermally induced volume change in the solution, ∆Vth, which
is related to the thermal expansion coefficient (β) of the solvent
and the heat capacity (Cp) of the solution. The other may arise
from the volume change between the products and reactants,
∆Vr [equation (2), where ρ is the density of the solution, and ∆E

S = K(∆Vth 1 ∆Vr) = K[(β/Cpρ)∆E 1 ∆Vr] (2)

Scheme 1 Flowchart of solution for photoacoustic calorimetry

is the thermal energy released to the medium upon decay]. A
compound (K2Cr2O7) is used as the calorimetric reference. It
converts the photon energy entirely into heat with no reaction
volume change, i.e. ∆Vr = 0. Therefore Sref = K(β/Cpρ)Ehν. The
ratio of the acoustic wave amplitudes of the sample to the
calorimetric reference is then defined as φ, expression (3), thus

φ = S/Sref = (∆E/Ehν) 1 ∆Vr/[(β/Cpρ)Ehν] (3)

giving equation (4). It is assumed that ∆E and ∆Vr are

Ehνφ = ∆E 1 ∆VrCpρ/β (4)

independent of temperature. The intercept and slope of the
linear plot of Ehνφ vs. Cpρ/β at different temperatures yields ∆E
and ∆Vr, respectively. However, the quantum yield Φ of the
photo-induced chemical reaction must be taken into account
for the evaluation of ∆H and ∆VR. Therefore, the overall
enthalpy and volume changes for a reaction are determined
according to equations (5) and (6), respectively.

∆H = (Ehν 2 ∆E)/Φ (5)

∆VR = ∆Vr/Φ (6)

Results
The photoacoustic signals for both AdoCbl and K2Cr2O7 (ref-
erence) in neutral aqueous solution at 10 8C are shown in Fig. 2.
The relationship between the signals and the absorbed energy is
linear within the range studied (Fig. 3), which eliminates the
possibility of multi-photon effect in solutions. The values of ∆E
and ∆Vr for each complex are obtained through equation (6).
Plots of Ehνφ vs. Cpρ/β are shown in Fig. 4. Values of β, Cp and
ρ at different temperatures are according to the literature.24 The
quantum yield values are 0.23 for base-on AdoCbl, 0.35 for
base-on MeCbl and 0.50 for base-off MeCbl respectively (see
Discussion).15–18 From equations (6) and (7), the enthalpy and
reaction volume changes are obtained. The associated
enthalpies, Co]C BDEs and volume changes are given in Table
1. For comparison the data from thermolysis experiments are
also listed.

Discussion
Reaction mechanism

Alkylcobalamins exhibit a temperature-dependent axial-base
equilibrium, i.e. the DMBz group is either co-ordinated to CoIII

or not.1b The photochemical reactions in the system include

Fig. 2 Photoacoustic signal of K2Cr2O7 (– – –) and 59-deoxy-59-
adenosylcobalamin (–––) in neutral aqueous solution at 10 8C (both are
1.5 × 1025 )
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Co]C bond dissociation of both the six-co-ordinate base-on
form and the five-co-ordinate unprotonated base-off species.
Studies of the temperature-dependent axial-base equilibrium
indicate that base-on forms are predominant for AdoCbl and
MeCbl in neutral aqueous solution at room-temperature (ca. 95
and 97% at 25 8C).5b,9b Acidification of MeCbl produces base-
off MeCbl where the DMBz group is not co-ordinated to CoIII

and is protonated. The pKa of DMBz in MeCbl is 2.7. In 0.05 
HCl aqueous solution, the base-off MeCbl is ca. 96%.25 There-
fore, this study only considers the signal contribution from the
base-on form of AdoCbl and MeCbl in neutral solution or the
base-off form of MeCbl in acidic solution.

A mechanism for photolytic cleavage of the Co]C bond is
proposed in Scheme 2.15

As Chen and Chance indicated,15 upon photolysis of AdoCbl
and MeCbl, the excited Co*,C state can either relax to the

Fig. 3 The relationship between signal amplitude and excitation
energy of K2Cr2O7 and MeCbl (both are 1.5 × 1025 )

Fig. 4 Plots of Ehνφ vs. Cpρ/β for AdoCbl (n) and MeCbl (h)
in neutral aqueous solution, and MeCbl (d) in 0.05  HCl aqueous
solution (all are 1.5 × 1025 )

Table 1 Data from photolysis of 59-deoxy-59-adenosylcobalamin and
methylcobalamin by PAC

∆Vr/ml mol21

∆H/kJ mol21

BDE/kJ mol21

∆H‡/kJ mol21 a

BDE/kJ mol21 a

AdoCbl

6 ± 1
129 ± 17
129 ± 17
138 ± 8 b

125 ± 8 b

MeCbl (base-on)

2 ± 0.5
163 ± 21
163 ± 21
171 ± 13 c

155 ± 13 c

MeCbl (base-off)

>5 ± 1
>176 ± 23
>176 ± 23

a Data obtained from thermolysis. b See ref. 5(b). c In ethane-1,2-diol,
see ref. 9(b).

ground state (k3 ≈ 3 × 1011 s21), or undergo cleavage to form a
geminate pair (k1 ≈ 3 × 1012 s21).26 Although thermolysis of
cobalamin can also form a geminate pair, the rate is low enough
(≈10210 for AdoCbl and ≈10213 s21 for MeCbl at 25 8C) 5b,9b

to be negligible. As discussed elsewhere, there is a solvent ‘cage’
for the radical pair.15,16,27 The caged geminate pair can either
recombine to form the reactant or diffuse into the solvent to
form free radicals. For AdoCbl and MeCbl geminate recombin-
ation rates in H2O (k4 ≈ 109 s21) are competitive with cage
escape (k2 ≈ 1.8 × 109 s21).16,28 This means that CoII species and
the free radical are the final products for our experimental time
windows of ca. 100 ns. In the system, there are some radical side
reactions, including hydrogen abstraction by the carbon radical
from the solvent and/or the corrin ring (k = 102–104 s21),15b

dimerization (k ≈ 1010 s21), cyclization (k = 104–105 s21 for Ado)
and diffusional recombination, etc.5,15 Recombination of the
methyl (109 21 s21) and 59-deoxy-59-adenosyl (108–109 21 s21)
radicals with CoII is found to be near the diffusion-controlled
limit in H2O.5,15 For the sample concentrations of about 1025 ,
the concentration of the free radicals should be much less than
1025 . Our investigations on photo-dissociation of the Co]C
bond are not contaminated by artefactual side reactions.

Quantum yields

Quantum yields for AdoCbl and MeCbl have been investigated
by several groups.14–17 Using nanosecond laser pulse with differ-
ence absorption spectra, Chen and Chance reported in 1990
that the nanosecond (ns) quantum yield of AdoCbl is
0.23 ± 0.04 and that there is no significant change in the quan-
tum yield at two wavelengths (355 and 532 nm).15a Later, with a
continuous-wave (CW) laser they measured the CW anaerobic
quantum yield of AdoCbl (Φ = 0.20 ± 0.03, at 442 nm), which
agrees with the ns quantum yield within experimental error.15b

The measured CW anaerobic quantum yield of MeCbl
(Φ = 0.35 ± 0.03, at 442 nm) 15b is in agreement with its investi-
gation by Pratt and Whitear that gave a quantum yield of ca.
0.30 with no wavelength dependence.16 However, Endicott and
Netzel obtained quantum yields of 0.16 ± 0.05 for MeCbl and
0.09 ± 0.035 for AdoCbl by a picosecond flash photolysis tech-
nique.17 This result is consistent with that of Taylor et al.18

where they based their yields on continuous photolysis with O2

scavenging. Chen and Chance suggested that the lower quan-
tum yields reported by Endicott’s group are probably due to a
calculation from the single wavelength absorbance changes at
the CoII peak absorbance and not taking into consideration the
spectral overlap of various absorptions. Therefore, we adopt
Chen’s quantum yields, 0.23 for AdoCbl and 0.35 for MeCbl.
However, as there is only a qualitative quantum yield for base-
off MeCbl reported by Pratt 16 and Taylor,18 we use Φ < 0.5 in
our calculations.

Enthalpy change and Co]C bond dissociation energy (BDE)

The enthalpy changes of photolysis for AdoCbl and MeCbl
measured by PAC are given in Table 1. Since the apparent ∆H is
a net enthalpy change from an excited state to forming a CoII

species and a free radical, which are homolytic decomposition
products of the Co]C bond within our experimental time-scale,
the values of ∆H are equal to those of Co]C BDE themselves,
and most of the error in the measurement (10–15%) reflects the
uncertainty in the quantum yield data. Besides, data for therm-
olysis for AdoCbl and MeCbl determined by kinetic methods at
80–110 8C are also listed in Table 1. As discussed by Finke et al.

Scheme 2

Co*,C (Co,C)geminate pair CoII  +  C
k1 k2

k–2k–1

k3

hν
k4

Co—C
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the enthalpy changes are contributed to from two components:
(a) dissociation of the Co]C bond forming a geminate pair
and (b) diffusion of the geminate pair from the ‘cage’ to solvent
forming a free radical.27,29 The Co]C BDE is given by sub-
tracting 13 kJ mol21 from the activation enthalpy.5b It has been
found that our Co]C BDE values obtained from the PAC
method at 10–30 8C are consistent with the previously literary
values for thermolysis dissociation determined by kinetic
methods at 80–110 8C. Furthermore, for base-off MeCbl, there
is no enthalpy change reported to date and it is even difficult
to obtain by the kinetic methods. We have for the first time
estimated the enthalpy change and Co]C BDE of base-off
MeCbl by the PAC method to be >176 ± 23 kJ mol21. It is
higher than that for the base-on form as expected.

Volume changes

A reaction volume change in solution has two components,20–22

(a) the solvation volume change associated with property
changes in the surrounding medium, such as polarity, electro-
striction, and dipole interactions, etc., and (b) the intrinsic
volume change related to the size of the molecules or ions, for
example, formation or destruction of empty space that is too
small to be occupied by solvent molecules.

Previous crystallographic 19,30,31 and 2-D NMR 32 investig-
ations of cobalamins indicate that the main molecular
movements associated with the cleavage of the Co]C bond for
alkylcobalamins include, (a) the diffusion of the organic radical
into the solvent from the ‘cage’, (b) upward movement of the
corrin ring, (c) the shifts of the corrin-ring side chains. During
photolysis of AdoCbl and MeCbl, the volume changes attrib-
uted to the medium reorganization 20–22 invoked by the molec-
ular movements as mentioned above should be presented.
According to the X-ray diffraction investigation on five-co-
ordinated B12r,

31 the conformation of the corrin ring is upward
with a folding angle 16.38, which is larger that in AdoCbl (13.38)
and similar to that in MeCbl (15.88). The solvent molecule near
the axial co-ordination site is ca. 3.42 Å from the center in
B12r,

31 which may form a small empty space, not occupied by
the solvent molecule, around CoII. Therefore, in the process of
Co]C bond cleavage, it can contribute to the positive volume
changes.

Our results have revealed that reaction volume changes for
base-on AdoCbl (6 ± 1 ml mol21) is larger than for base-on
MeCbl (2 ± 0.5 ml). Since the estimated radii for the Ado and
Me radical are 6 and 1.1 Å, respectively, it is reasonable that the
methyl radical is less interrupted by a solvent cage. Further, as
discussed above, adenosyl is a bulky group, while methyl is
small.11,15,19,32a Therefore conformational changes accompany-
ing the cleavage of the Co]C bond and cage escape in AdoCbl
should be larger than those in MeCbl. This gives rise to the
reaction volume changes, both the solvational and the intrinsic
volume changes for AdoCbl are larger.

Unfortunately, there is no single-crystal diffraction structural
information for base-off B12r. We cannot make structure com-
parison between base-off MeCbl and its photolytic product
base-off B12r. In the base-off species, as the bulky DMBz is not
co-ordinated to the cobalt atom, the folding angle would be
markedly decreased, and also the corrin ring, as well as its side
chain, in the base-off form is much more flexible than that in
the base-on form.9a,10b,11 It suggests that with the dissociation of
the Me group, there is much more conformational change for
base-off MeCbl than for base-on MeCbl. This might contribute
to the larger reaction volume change in photolysis of base-off
MeCbl (>5 ± 1 ml mol21).

Conclusion
This paper reports photoacoustic calorimetry studies in the
temperature range 10–30 8C, used to measure the energy

changes for photo-induced Co]C bond homolysis of two kinds
of coenzyme B12. The resultant Co]C BDE values for AdoCbl
and MeCbl in neutral water (base-on forms) are in good agree-
ment with those obtained by kinetic methods at a higher tem-
perature range (80–110 8C). Moreover, the Co]C BDE value of
MeCbl in acid solution (base-off form) has also been deter-
mined by the PAC method, which would be larger than that of
the base-on form and probably have been difficult to obtain by
the kinetic method.

This is the first time that the quantitative structural volume
changes for the photolysis of two kinds of cobalamin deriv-
atives using temperature-dependent PAC studies in neutral and
acidic solution have been obtained. These volume changes were
suggested to be due to conformational changes of the corrin
ring and its side chains accompanying the cleavage of the
Co]C bond. The values of such volume changes are in the
following order: base-on AdoCbl > base-on MeCbl and base-
off MeCbl > base-on MeCbl. They reflect that the extent of the
conformational changes depends on the bulkiness of the upper
(α) ligand of the corrin or the co-ordination of the lower (β)
nucleotide loop DMBz base with cobalt. The results give evi-
dence about the flexing of the corrin ring, and the steric inter-
actions between the corrin ring and the Ado group, which have
been suggested to be important in enzyme-induced distortion
and lability of the Co]C bond.
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