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Near-UV photolysis of pyruvic acid results in decarboxylation within
0.8 ps. In contrast, pyruvate anions excited by near-UV light relax
back to the ground state within 50 ps with no detectable photolysis.
The sharply different behavior of the acid and its conjugate base
provides a mechanistic explanation for the puzzling pH depen-
dence of the pyruvic acid photolysis.

The photochemistry of pyruvic acid and its conjugated base,
pyruvate, is potentially important to the climate as it is esti-
mated that plants and burning of biomass emit 0.85 Tg of
pyruvic acid to the atmosphere every year, primarily in the
aqueous phase. Owing to proliferation, pyruvic acid is omni-
present in aqueous environments, from atmospheric microdro-
plets to ponds, lakes and oceans.” The acid constant of pyruvic
acid is pK, = 2.5 in bulk water and has been measured to be as
low as pK, = 0.7 at water-air interfaces,>* where the deproto-
nated COO~ and C=O groups tilt forward towards bulk.?
Hence, in most aqueous environments pyruvic acid is partly
deprotonated with some of the molecules taking the form of
pyruvate. Pyruvic acid and pyruvate are readily photolyzed by
deep UV light via a strong n* « = transition, but the ozone layer
prevents such light from reaching the biosphere. However, due
to a weak m* « n transition, the two species can be excited by
near-UV sunlight. Considering the abundance of pyruvic acid,
its near-UV photochemistry is potentially an important source
of photoproducts with relevance to the biosphere. Decades of
research have led to a general understanding of the photo-
chemistry of aqueous pyruvic acid.®™® However, important
parts of its initial photochemistry are still uncertain. Among
the open questions, two stand out: what are the primary
photoreactions of aqueous pyruvic acid and why does the yield
of the photoproducts decrease with increasing pH?>® With
these questions unanswered, the well-developed understanding
of aqueous pyruvic acid’s photochemistry rests on an unsure
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foundation and reliable insight is needed to improve the
predictive accuracy of climate models.

In the present work, we use UV pump-IR probe transient
absorption spectroscopy with sub-picosecond time resolution
assisted by density functional theory to determine the primary
reaction dynamics when pyruvic acid is excited by near-UV light
(see SI for methods, molecular structures and natural transition
orbitals). The results explain the pH dependence and identify
the primary photolysis products and thus form a solid founda-
tion for understanding subsequent reactions.

Result and discussion

Fig. 1a shows a model of pyruvic acid and its UV steady-state
absorption spectrum. To a good approximation the spec-
trum consists of two contributions, a localized carbonyl
(mgo < nc—o) chromophore with acetone as a model respon-
sible for the near-UV absorption, and a localized carboxyl group
(n¢o < no) chromophore with propanoic acid as a model,
responsible for the deep-UV absorption. In our experiments
the carbonyl chromophore of pyruvic acid is excited at 340 nm.
We use an aqueous pyruvic acid sample with a concentration of
0.2 M and pH = 1.5. At these conditions ~15% of the pyruvic
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Fig. 1 (a) The near-UV absorption spectrum of pyruvic acid in H,O. (b)
The infrared absorption spectrum of aqueous pyruvic acid and aqueous
pyruvate recorded in H,O with H,O as reference. The absorption spectra
of the two species in D,O are like those in H,O (see Fig. SI1).
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acid molecules are deprotonated to form pyruvate. The remaining
pyruvic acid molecules are reversibly hydrated to their geminal-
diol.”® The extent of hydration depends on pH. Since only the keto
form is responsible for the near-UV absorption, this partly explains
why the photolysis of pyruvic acid is pH dependent as has been
proposed by Rapf et al.®

Pyruvic acid and pyruvate have comparable near-UV absorp-
tion spectra,® and both species are therefore excited by 340 nm
light. However, the infrared absorption spectra of pyruvic acid
and pyruvate, presented in Fig. 1b, are markedly different and
enable unambiguous identification of the two species. More-
over, we recently reported the primary photochemistry of aqu-
eous pyruvate upon excitation at 340 nm.>° The study showed
that all the excited pyruvate anions return to the ground state
within 50 ps implying that the photolysis quantum yield is
insignificant. Consequently, any photoproducts lasting more than
50 ps originate exclusively from the photolysis of pyruvic acid.

The transient infrared absorption induced by the excitation
of pyruvic acid at 340 nm is recorded in the range between
950 cm™* and 2500 cm™'. The photochemistry of pyruvic acid
and pyruvate can be deduced from the segments of the tran-
sient absorption spectrum presented in Fig. 2. The full tran-
sient absorption spectrum is shown in Fig. SI2. Negative AA
values imply the photodepletion of ground state pyruvic acid or
pyruvate induced by the 340 nm excitation. Positive AA values
indicate electronically or vibrationally excited states of pyruvic
acid or pyruvate molecules or the formation of intermediate or
permanent photoproducts.

The negative absorption at 1722 cm™ " is associated with
the carboxylic carbonyl stretch of ground state pyruvic acid.
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Fig. 2(c) shows that the absorption at 1722 cm™' drops to
a minimum immediately after the excitation at ¢ = 0 and stays
at this level during the subsequent 560 ps with no sign of
recovery.

In Fig. 2, the same absorption dynamics is observed for every
vibrational transition exclusively related to pyruvic acid. More
precisely, 96 £+ 5% of the excited pyruvic acid molecules have
not returned to the vibrationally relaxed ground state of pyruvic
acid after 560 ps—either because they dissociate or because
they populate long-lived excited states of pyruvic acid. The
negative absorption at 1615 cm™ " pertains to the asymmetric
carboxylate stretch of pyruvate. It too drops to a minimum right
after the excitation, but in contrast to pyruvic acid, the absorp-
tion pertaining to pyruvate fully recovers in 50 ps. Fig. 2 shows
that the absorption dynamics of all vibrations associated with
pyruvate display the same behaviour. Accordingly, all excited
pyruvate anions return to the ground state within this time
frame, thus confirming that the photolysis quantum yield of
aqueous pyruvate is insignificant, as reported earlier.>’ The very
different dissociation quantum yields of pyruvic acid and
pyruvate suggests that the pH dependence of pyruvic acid’s
photochemistry reflects the extent of deprotonation: at low pH
pyruvic acid is fully protonated, and the photolysis yield is
significant, while the photolysis yield decreases to zero with
increasing pH as pyruvic acid deprotonates to pyruvate.

The dissociation of pyruvic acid is confirmed by the transient
absorption associated with the asymmetric stretch of carbon
dioxide observed at 2343 cm ' in Fig. 2d.>'* The absorption
from carbon dioxide rises from a value close to zero after 0.8 ps to
a constant level on a ~15 ps timescale. As discussed in several
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Fig. 2 Transient absorption dynamics of (a) the combined depletion of ground state pyruvic acid and ground state pyruvate (1158 cm™3), excited singlet
and/or triplet state of pyruvic acid (1192 cm™?), methyl hydroxy carbene (1272 cm™) and depletion of ground state pyruvic acid (1287 cm™?). (b) excited
singlet and/or triplet state of pyruvic acid (1598 cm ™) and depletion of ground state pyruvate (1615 cm™). (c) excited singlet and/or triplet state of pyruvic
acid (1598 cm™), depletion of ground state pyruvate (1615 cm™) and depletion of ground state pyruvic acid (1722 cm™3). (d) aqueous carbon dioxide
(2343 cm™?). The absorption scales of the measurements are not comparable.
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previous papers,”>**~® the C~COOH bond itself breaks within 0.8
ps after the excitation and the rise of the absorption at 2343 cm™*
reflects the increasing intensity of the asymmetric CO, stretch as
the dissociating CO, moiety transforms from its bend geometry in
pyruvic acid to the linear geometry of fully hydrated CO,(aq).
The formation of carbon dioxide suggests the formation of methyl
hydroxy carbene, CH3COH."?>*° Our -calculations predict
that singlet methyl hydroxy carbene has a strong transition at
1274 em™" in addition to several weaker transitions below our
detection limit, while triplet methyl hydroxy carbene has a single
strong transition with a calculated frequency of 1187 c¢cm™*
(Table SI1). Measurements of the IR spectrum of methyl hydroxy
carbene in Ar matrices find the strongest transition as a double
peak at 1257.4 and 1261.9 cm ™" in addition to weaker transitions
at 1337 cm ™', 1301 cm™ ' and 1024 cm™ *.*° Fig. 2 shows positive
induced absorption peaks at 1192 cm !, 1272 cm ' and
1598 cm™ ", in addition to the absorption pertaining to CO,(aq)
at 2343 cm ', The predicted spectra agree with the positive
absorption measured at 1192 cm ' and 1272 cm™ ' suggesting
the formation of methyl hydroxy carbene in the triplet and singlet
excited states, respectively. Our calculations predict that the triplet
carbene is 120 k] mol " less stable than the singlet carbene, and
the formation of triplet carbene and CO, from the relaxed
geometry of triplet pyruvic acid is endoenergetic by 50 k] mol .
Formation of the triplet carbene is thus disfavoured energetically,
but could be formed immediately after intersystem crossing to the
triplet surface, since the relaxed singlet excited state is essentially
isoenergetic with the triplet carbene and CO,. Later, we show that
the absorption at 1192 ecm ™" may also be due to singlet and triplet
excited states of energetically accessible configurations of pyruvic
acid. The absorption transients at 1272 cm ' appear within
the instrument limited time of 0.8 ps consistent with the sub-
picosecond C-COOH fission indicated by the carbon dioxide
formation. The absorption persists for the full 560 ps of the
measurements indicating that no secondary reactions involving
singlet methyl hydroxy carbene occur within this period. With
time methyl hydroxy carbene is likely transformed to acetal-
dehyde.">**?° Acetaldehyde has two strong transitions at 1108 cm ™"
and 1716 cm ™" associated with the C-C stretch and C=0 stretch
respectively (Fig. SI3). However, neither of these transitions are
observed in the transient absorption data, thus indicating that
the formation of acetaldehyde during the first 560 ps is insigni-
ficant, in agreement with the constant absorption assigned to
methyl hydroxy carbene.

To identify the population dynamics of the singlet and
triplet excited states of pyruvic acid, we have calculated the IR
spectra of these states for energetically accessible conformers of
pyruvic acid (Tables SI2 and SI3). The singlet excited state of
conformer 2 (shown Fig. SI4) has two intense transitions at
1648 cm™ ' (in D,0) and 1219 cm ™ (in H,0). The triplet excited
state of conformer 1 and conformer 2 in Fig. SI4 each has
two intense transitions at 1595 cm ™! (in D,0) and 1214 cm ™ *
(in H,0), and 1626 cm ' (in D,0) and 1146 cm ' (in H,0),
respectively. Within the uncertainty, the calculated values agree
with the measured positive transient absorption at 1598 cm ™"
(in D,0) and 1192 em™* (in H,0) shown in Fig. 2, while the
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other transitions of these configurations are either hidden by
the negative absorption transients associated with the deple-
tion of ground state pyruvic acid or below the instrument
detection limit. The absorption transients at 1598 cm ' and
1192 cm ™' thus suggest the population of the singlet and/or
triplet states. Our measurements don’t warrant a spectroscopic
distinction between the excited singlet and triplet states. The
absorptions at 1598 cm ™ * and 1192 cm ! rise to their final
value in less than 0.8 ps and remain constant for the full 560 ps
time span of our measurements. These measurements agree
with the results reported by Davidson et al.,>* who determined
the intersystem crossing yield in aqueous pyruvic acid to 0.22
thereby implying the excitation of both singlet and triplet
states. They furthermore measured the triplet excited state
lifetime to 74 ns easily consistent with the >560 ps duration
of the absorption, we assign to excited state pyruvic acid.
Dissociation to carbon dioxide and methyl hydroxy carbene
together with the population of the excited pyruvic acid account
for all measured absorption transients and are fully consistent
with the observed permanent depletion of ground state pyruvic
acid. In agreement with our previous conclusions the constant
population of excited state pyruvic acid implies that the dec-
arboxylation occurs within the first picosecond. Since our
transient absorption spectrometer cannot cover the absorption
at 1722 cm ™' and 2343 cm ™! or 1274 cm ™' in one measurement,
we are unable to determine the ratio between the two reactions
channels. Our measurements do not exclude the existence of
decarboxylation channels with time constants of tens of nano-
seconds.

The reaction dynamics of the near-UV decarboxylation of
aqueous pyruvic acid resemble the photolysis of gas-phase
pyruvic acid. Recent studies have shown that near-UV photo-
excitation to the lowest singlet excited state of gas-phase
pyruvic acid primarily results in decarboxylation forming
carbon dioxide and methyl hydroxy carbene with subsequent
isomerization to acetaldehyde and to less extent vinyl alcohol.*®
The near-UV photochemistry of gas-phase pyruvic acid is largely
explained by the mechanistic photodecarboxylation calcula-
tions by Chang et al.™® According to these calculations exposure
to near-UV light excites pyruvic acid molecules to the lowest
excited singlet state. The excited singlet state relaxes by trans-
ferring the hydrogen atom from the carboxyl group to the
carbonyl. This tautomerization occurs close to a conical inter-
section connecting the excited state to the ground state.
Decarboxylation in the excited singlet state is prohibited by a
large (1.0 eV) barrier, but decarboxylation can occur from
vibrationally excited states on the electronic ground state.
According to Chang et al., decarboxylation can also occur from
the lowest triplet state. Due to a small energy gap between the
first excited singlet and triplet states calculated to 0.1-0.2 eV"°
and measured to 0.29 + 0.04 eV'” and spin-orbit coupling
(17 em™"), efficient intersystem crossing to the triplet state
takes place close to a conical intersection with the lowest
singlet states.'® The barrier for decarboxylation in the triplet
state is calculated to 0.3 eV"’ indicating that decarboxylation
can occur with high efficiency. Decarboxylation of gas-phase
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pyruvic acid may thus take place both from the excited triplet
state and from the vibrationally excited ground state. Applying
the same mechanism to aqueous pyruvic acid implies that
decarboxylation occurs close to the conical intersection in less
than ~ 0.5 ps after the excitation - either from the excited states
or from highly excited vibrational levels on the electronic
ground state of pyruvic acid.

As pointed out by Burrow et al.”” the photochemistry of gas-
phase pyruvic acid is completely different from that of its
conjugate base, and the same holds for the aqueous counter
part. The near-UV photolysis of aqueous pyruvate is insignif-
icant and all excited pyruvate anions return to the equilibrated
ground state in 50 ps, while the photolysis of aqueous pyruvic
acid results in significant decarboxylation and population of
the lowest excited states with no excited pyruvic acid molecules
returning to the equilibrated ground state within the first
560 ps. To the extent the gas-phase mechanisms apply to the
aqueous phase, the very different yields from the two species
can be explained by energy considerations. Our previous calcu-
lations showed that the decarboxylation barrier for pyruvate
exceeds the photo-excitation energy at 340 nm and decarb-
oxylation of pyruvate is thus energetically forbidden.”® In the
photolysis of pyruvic acid at 340 nm, on the other hand,
decarboxylation may occur from the lowest excited states close
to conical intersections with the ground state or from highly
vibrationally excited states of pyruvic acid’s ground state.

l. 17

Conclusions

The present experimental data show a near-UV photolysis
scenario in which ground state pyruvic acid molecules are
excited to the lowest excited singlet state. In less than 0.8 ps
some of the pyruvic acid molecules dissociate to methyl
hydroxy carbene and carbon dioxide, while others intersystem
cross to the triplet state. The dissociation products exist for at
least 560 ps, and the excited singlet and/or triplet state stays
populated for at least as long. Processes occurring on longer
timescales including those from long-lived excited states may
ultimately affect the overall photochemistry of pyruvic acid.
In contrast to pyruvic acid, all pyruvate anions excited by near-
UV light return to the ground state within 50 ps. This explains
why the photolysis yield of aqueous pyruvic acid excited by
near-UV light depends on the acidity: at low pH, pyruvic acid is
fully protonated, and the decarboxylation yield is finite,
whereas at high pH, pyruvic acid deprotonates to pyruvate
which remains intact. These results complement the explana-
tion by Rapf. et al,> who assigned the pH dependence of
decarboxylation to the pH dependence of hydration.
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