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Archna Sharma, Igor Reva,” and Rui Fausto
Department of Chemistry, University of Coimbra, P-3004-535 Coimbra, Portugal

Received April 22, 2009; E-mail: reva@qui.uc.pt

Hydroxyacetone (HA) is an important starting material in the
organic synthesis of gem-diols, acetals, and ketals." If such
molecules are synthesized in interstellar medium, they may lead to
the production of complex prebiotic chiral molecules, such as
hydroxy aldehydes (sugars) and hydroxy acids.” HA is formed in
the atmosphere during oxidation of the important biogenic hydro-
carbon, isoprene.® Atmospheric HA reacts with an OH radical under
sunlight irradiation* and also contributes to the formation of
secondary organic aerosols.” The overall rate coefficient for the
tropospherically relevant reaction, HA+OH, was proposed® to
depend on the initial conformation of the HA molecule.

Theoretical calculations on HA monomers in the gas phase’®
show that there are only two conformers (Cc and Tt) of this
compound (Figure 1). The lowest energy conformer of HA is Cc,
whereas Tt was predicted to be higher in energy by 994 cm™..
Hence, the Cc conformer should represent 99% of the conforma-
tional equilibrium at room temperature,® which is why only the Cc
conformer has been observed so far.**?

In this work, we report the first experimental observation of the
elusive high-energy Tt conformer of hydroxyacetone. We show that,
for HA isolated in a low-temperature Ar matrix, the Tt conformer
can be produced by narrow-band near-infrared (NIR) vibrational
excitation of the conformational ground state Cc. When isolated in
an argon matrix at 15 K, the photogenerated Tt form is stable. In
the present study, the NIR-induced back transformation of the Tt
conformer into the Cc form was also observed. This photorevers-
ibility makes the HA molecule a system satistying the criterion of
a molecular switch.'”
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Figure 1. Left: Structures of Cc and Tt conformers of HA. Right: (a) The
vOH region of the experimental infrared difference spectrum of HA
monomers isolated in Ar matrix at 15 K (the spectrum after irradiation
with 2 = 6785 cm™! minus the spectrum of the freshly deposited matrix).
(b) Spectrum simulated with Lorentzian functions (fwhm = 2 cm™'). The
calculated DFT(B3LYP)/6-311++G(d,p) frequencies in this region were
scaled by a factor of 0.950 obtained by the least-squares linear fit. The
difference spectrum was obtained as “Tt minus Cc”.

In the experiments, tunable NIR radiation was provided by a
Quanta-Ray MOPO-SL optical parametric oscillator (fwhm ~0.2
cm™ !, repetition rate 10 Hz, pulse energy ~3 mJ) pumped with a
pulsed Nd:YAG laser. HA (Aldrich, >90%) was premixed with
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argon in a 1:1000 ratio and deposited onto a CsI window at 15 K.
The FTIR spectra were recorded with 0.5 cm™! resolution, in the
4000—400 cm™' range. Other details of the experimental setup and
of calculations are described elsewhere.®

In a freshly deposited argon matrix the HA monomer only exists
in Cc geometry, which is separated by a global barrier of 1417
cm™! from the higher-energy Tt form.® Narrow-band NIR irradiation
of the matrix at 6785 cm™' led to a decrease of bands in the IR
spectrum of the Cc form. Simultaneously, a set of new bands
appeared due to a photogenerated species. The observed changes
in the IR spectrum of HA are shown in Figures la and 2a.
Comparison of the experimental difference spectrum with those
calculated for the two conformers of HA (Figures 1b and 2b) reveals
doubtlessly that the photogenerated species corresponds to the higher
energy Tt conformer. The assignment of the nine most intense infrared
Tt absorptions (along with Cc) is shown in Table 1.

The observed shifts of the vOH and vC=0O modes to higher
frequencies (hypsochromic shifts) result from disruption of the
intramolecular hydrogen bond on forming Tt. Absence of this
interaction in Tt is responsible for its lower stability with respect
to Cc. This also leads to different forms of normal vibrations in Tt
and Cc (see Table 1). Such differences occur for almost all angular
deformations. The detailed discussion of the vibrational spectrum
of HA-Tt is beyond the scope of this communication.
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Figure 2. Fingerprint region of (a) the experimental spectrum of matrix-
isolated HA and (b) the simulated spectrum. The calculated frequencies in
this region were scaled by a factor of 0.985 obtained by the least-squares
linear fit. For other details see caption of Figure 1.

The experimental NIR absorption spectra of HA were not
accessible in our experiments (nor in literature), and the choice of
the irradiation conditions in the present study was not trivial. To
locate the spectral position of the vOH overtone we resorted to
anharmonic DFT calculations. The anharmonic OH stretching
frequencies deviate from the experimental values by an order of
magnitude less than those obtained in harmonic calculations."' For
the Cc conformer of HA, we found the anharmonic vOH frequency
(3504 cm™!) to differ by only 1 cm™! from our experiment (Table 1).
The first overtone (2vOH) of Cc conformer was predicted by our
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Table 1. Selected Experimental Frequencies and Infrared Intensities of Tt and Cc Conformers of Hydroxyacetone Isolated in an Argon
Matrix at 15 K as Compared with the Values Calculated at the DFT(B3LYP)/6-311++G(d,p) Level

Tt conformer Cc conformer vr — ved

Verp" (AP Var®  Vham® (e assignment” Vex® (AP Var®  Vham® (e assignment” exp  calc”
3662 (63) 3683 3852 (43) vOH 3505 (81) 3504 3697 (80) vOH 157 155
1737 (143) 1756 1785 (191) vC=0O 1731  (199) 1741 1776 (170) vC=0O 6 9
1445 (21) 1440 1482 (14) OCH, 1449 (22) 1444 1480 (13) OCH, — OCH; as’ -4 2
1420 (19) 1427 1457 (18) OCHs as’ 1445 (20) 1441 1477 (10) OCH, + OCH, as’ —25 —20

1375 1416  (7) OCOH + wCH, 1409  (75) 1386 1432 (61) O0COH — wCH, —16
1358 (54) 1363 1387 (39) OCHj s 1361 (72) 1357 1391 (41) OCH; s -3 —4
1240 (35) 1216 1262 (64) vCCas + 0COH — wCH, 1286 (98) 1264 1294 (73) O0COH + wCH, —46 —32
1168 (118) 1150 1182 (107) OCOH — wCH, — vCCas 1188 (18) 1170 1199 (18) vCC(H3) + 0C=0 — rCHy” —-20 —17
1074 (74) 1047 1076 (67) vO—C 1103  (154) 1089 1111 (148) vO—C —-29 =35
962 (19) 975 979 (24) r CHy 970 (15) 962 982 (16) r CHy” + vCC(H3) —8 -3

743 761 (0.2) vCCs 804 (11) 791 809 (12) vCC(OH) —48

“Vexp - experimental frequency, cm™.

% (A) - relative experimental intensity. v,,, - calculated anharmonic frequency, cm™'.

L4y - calculated

harmonic frequency, cm™'. ¢ (I) calculated harmonic intensity, km mol~'. /Based on PED calculation; v - stretching, as - antisymmetric, s - symmetric,
0 - bending, w - wagging, r - rocking, “plus” and “minus” designate “in-phase” and “in-antiphase” coupling. ¢ Frequency shift upon conformational

change. " Harmonic.

calculations at 6799 cm™!. A series of irradiations of matrix-isolated
HA was carried out with NIR light of wavenumbers close to the
predicted value 6799 cm™!. After an incremental search with a step
of 3 cm™!, the irradiation at 6785 cm™! was found to induce the
Cc—Tt isomerization. Anharmonic calculations were also used to
locate the frequency (7188 cm™!) of the vOH overtone in Tt. When
the Tt conformer was generated in the matrix, the reverse Tt—Cc
transformation could be successfully induced by NIR irradiation
at 7138 cm™ L.

The barrier for the Tt—Cc transformation was calculated to be
423 cm™' (5 kJ mol™") only,® yet HA-Tt was found to be stable in
an Ar matrix at 15 K. To the best of our knowledge, the observation
of a long-lived reaction product (Tt) generated in a low-temperature
matrix by NIR excitation of vOH overtone is unprecedented.
Previously, for small carboxylic acids'? isolated in low temperature
matrices, narrow-band excitation of the YOH overtone was shown
to promote generation of high-energy conformers. In the absence
of NIR pumping, the photoproduced higher energy forms converted
back to their low energy counterparts on a time scale of minutes.'?
For carboxylic acids, this conversion only involves rotation of OH
in the O=COH fragment. In fact, only the hydrogen atom
significantly changes its position by such rotation. It is the tunneling
of this light particle that allows the cis—trans transformation in
carboxylic acids to occur in darkness,'? although the barriers for
such processes are greater than 30 kJ mol™.

For the HA molecule, however, the isomerization between Cc
and Tt forms involves reorganization of the heavy atom backbone.
The heavy oxygen atom significantly changes its position in the
Tt—Cc transformation. Tunneling of atoms as heavy as oxygen
should be unlikely: with other heavy elements, there are mainly
reports on tunneling of carbon atoms.'* Therefore, the Tt—Cc
conversion does not occur for HA at 15 K, although the barrier for
this process is as low as 5 kJ mol~'. However, if thermally activated,
this relaxation may occur over the barrier.' Indeed, the Tt—Cc
transformation was induced by annealing of the sample to a
temperature of 28 K! The rearrangement of the argon atoms in this
thermal back conversion process should be nonsignificant, since
the changes of the baseline in the experimental spectra observed
upon annealing were negligible.

In conclusion, we report the unusual observation of conforma-
tional change, involving rotation of molecular moieties with heavy

atoms, induced by absorption of a NIR photon. The Tt conformer
of HA was produced in solid argon by excitation of the vOH
overtone of the Cc form. The experimental evidence for generation
of the Tt form is supported by theoretical vibrational analysis. We
hope that the present experimental findings will stimulate further
theoretical and experimental studies on the overtone-induced
chemical transformations,'® particularly those concerning vibrational
energy transfer and redistribution due to anharmonic couplings in
polyatomic molecules.
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