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ABSTRACT: Both glycolaldehyde and glyoxal were pyrolyzed in a set of flash-pyrolysis | |fichociaimssss omsev
microreactors. The pyrolysis products resulting from CHO—CH,0OH and HCO—CHO were | = T ' 400K
detected and identified by vacuum ultraviolet (VUV) photoionization mass spectrometry. |, [s. ' = ** J_
Complementary product identification was provided by argon matrix infrared absorption |E w o | s
spectroscopy. Pyrolysis pressures in the microreactor were about 100 Torr, and contact times [% 2 1400 K
with the microreactors were roughly 100 ys. At 1200 K, the products of glycolaldehyde pyrolysis |2 ‘ %

are H atoms, CO, CH,=0, CH,=C=0, and HCO—CHO. Thermal decomposition of HCO— | o Lg%
CHO was studied with pulsed 118.2 nm photoionization mass spectrometry and matrix infrared |5

absorption. Under these conditions, glyoxal undergoes pyrolysis to H atoms and CO. Tunable |~ —— 1000
VUV photoionization mass spectrometry provides a lower bound for the ionization energy d 600k
(IE)(CHO—CH,0OH) > 9.95 + 0.0S eV. The gas-phase heat of formation of glycolaldehyde was | | : a0k
established by a sequence of calorimetric experiments. The experimental result is A, os(CHO— | 10 2 3 40 = e
CH,0H) = —758 + 1.3 kcal mol™". Fully ab initio, coupled cluster calculations predict -

AH,(CHO-CH,0H) of —73.1 + 0.5 kcal mol™* and AH,os(CHO—CH,OH) of —76.1 + 0.5

kcal mol™". The coupled-cluster singles doubles and noniterative triples correction calculations also lead to a revision of the
geometry of CHO—CH,OH. We find that the O—H bond length differs substantially from earlier experimental estimates, due to
unusual zero-point contributions to the moments of inertia.

1. INTRODUCTION CHO

Biomass is believed to be the only renewable source of carbon- H OH (|:HO

based fuels and platform organic compounds.' In an effort to CH,0H CH,0H
understand the mechanisms for the pyrolysis of biomass, we

developed a heated microreactor for use as a flash pyrolysis flow gl;'c;:)aldehyde gly‘gg“ldehyde
reactor. Biofuel-related compounds mixed with helium or argon e e

carrier gas are thermally decomposed in a resistively heated SiC -

microreactor (1 mm i.d. X 2.5 cm length) at pressures of a few YRS

hundred Torr and temperatures of 1000—1600 K. Contact Q O

times with the microreactor are roughly 100 us. Decomposition V4 v
products are detected by a combination of photoionization CHZ—C\ /CHZ—C
mass spectrometry (PIMS) and matrix infrared (IR) absorption H HO H
spectroscopy.

The main components of biomass are carbohydrates and Figure 1. Chemical structures of glyceraldehyde and glycolaldehyde.

lignins. Carbohydrates are one of the most abundant classes of
organic compounds on the planet.” To explore the pyrolysis
mechanisms of carbohydrates, we intend to use dilute samples
of sugars and use flash pyrolysis in a set of flow reactors. The
simplest sugar is D-glyceraldehyde, CHO—CHOH—-CH,OH, Received: January 20, 2016
and its Fischer projection is shown in Figure 1. Even this triose Revised:  March 15, 2016
is complicated as the gas-phase heat of formation, bond Published: March 16, 2016

energies, precise molecular structure, and ionization energy are
not known. A simpler molecule is glycolaldehyde (CHO—
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CH,OH) because it is the smallest possible hydroxyaldehyde.
Glycolaldehyde is a carbohydrate, (C-H,0),, and is the only
possible diose. Even though it is not a true sugar, it must be
understood first before the thermal decomposition of proper
sugars can be tackled. Figure 1 relates glycolaldehyde to
glyceraldehyde.

Surprisingly, the carbohydrate glycolaldehyde is an atmos-
pherically relevant species.”” It is formed by the photo-
oxidation™® of CH,=CH, and is produced by forest fires.”
Oxidation® of the volatile organic compound (VOC) 2-methyl-
3-buten-2-ol (CH,=CH-C(CHj,),0H) in an environmental
chamber by OH in 700 Torr air degrades 50% of the VOC to
CHO—-CH,OH. One of the most important of all VOCs is
isoprene,”'” and a major product of the photo-oxidation of
CH,=C(CH;)—-CH=CH, is methyl vinyl ketone
(CH;COCH=CH, or MVK). Further oxidation of MVK by
OH radicals'' leads to production of CHO-CH,OH.
Glycolaldehyde itself has been observed as a product of the
fast pyrolysis of lignins; see Table 9 of ref 12. Its OH-initiated
oxidation has been studied before,"® but to our knowledge this
is the first gas-phase study of glycolaldehyde pyrolysis.

A product of the thermal cracking of glycolaldehyde is
glyoxal (see Scheme 2), HCO—CHO. Both glyoxal and
methylglyoxal (CH;CO—CHO) are found in the atmosphere
due to oxidation of biogenic compounds such as isoprene,
oxidation of anthropogenic compounds (toluene, xylenes, and
acetylene), and from combustion sources."”"® Glyoxal and
methylglyoxal can be taken up by atmospheric aerosols and
have been shown to participate in secondary organic aerosol
formation on aqueous aerosol particles and in clouds.'*™"”

In this paper, we characterize the properties of CHO—
CH,0H and examine pathways for the pyrolysis of
glycolaldehyde and glyoxal. We coupled reaction calorimetry
with other experimental data to measure the gas-phase heat of
formation of glycolaldehyde, AdH,os( CHO—CH,OH). We also
performed ab initio electronic structure calculations to predict
AH,0s(CHO-CH,0H) following a modified HEAT proto-
col.” Using coupled-cluster singles doubles and non-iterative
triples correction (CCSD(T)) ab initio electronic structure
calculations, we reanalyzed the existing microwave data and
refined the molecular structure for glycolaldehyde by correcting
the experimental rotational constants for zero-point vibrational
motion. Ab initio methods were also used to predict the
vibrational frequencies for glycolaldehyde and the ionization
energy (IE)(CHO—CH,OH). Tunable synchrotron vacuum
ultraviolet (VUV) PIMS was used to measure the ionization
threshold for glycolaldehyde and thus place a lower bound on
the IE(CHO-CH,OH). With the molecular structure,
energetics, and IE of glycolaldehyde in hand, we performed
the pyrolysis of CHO—CH,OH in a heated microreactor. The
pyrolysis of glyoxal has been carefully studied”' in a shock tube
over the temperature range of 1100—2300 K while monitoring
HCO (frequency modulation spectroscopy), HCO—CHO (UV
absorption), and H atom (atom resonance absorption spec-
troscopy). We studied the thermal fragmentation of HCO—
CHO in our microreactor as well, since glyoxal is a pyrolysis
product of glycolaldehyde.

2. EXPERIMENTAL METHODS

2.1. Pyrolysis in a Microreactor. Three unique flash
pyrolysis experiments were conducted for the study of
glycolaldehyde: quasi-continuous PIMS with 500 MHz tunable
photons, pulsed PIMS with 10 Hz fixed 10.487 eV photons, and
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matrix-isolation IR spectroscopy. The microreactors have been
described in detail elsewhere,””~”* but the following provides a
brief description. The microreactors are resistively heated
silicon carbide (SiC) tubes, which are either 2 or 3 cm long and
0.6 or 1 mm in diameter. Reactor wall temperatures are
monitored by a Type C thermocouple (1.0% accuracy from 270
to 2300 K) that is fastened to the exterior of the tube with a
0.25 mm tantalum wire wrap. The heated region (distance
between electrodes) is approximately 1—1.5 cm in length, and
typical residence times are 25—150 us.*® Residence time is kept
short intentionally to study the initial thermal products of
unimolecular decomposition. Reaction chemistry is quenched
when the gas mixture exiting the reactor expands supersonically
into a vacuum chamber (1 X 1077 to 1 X 107 Torr), thereby
eliminating additional collisions. All stable, metastable, and
radical intermediates and products are detected by PIMS and
IR spectroscopy.

Glycolaldehyde is obtained as a solid dimer (see Figure 3).
Low vapor pressure samples are introduced to the reactor by
passing an inert carrier gas, helium or argon, through a
temperature-controlled sample probe containing a few milli-
grams of reagent. Photoionization mass spectrometry is
conducted at 10 Hz or 500 MHz allowing the sample probe
temperature to be finely tuned (Love Controls Series 16A) to
achieve a sufficient signal while simultaneously maintaining the
low concentrations needed to establish unimolecular reaction
conditions. Glycolaldehyde monomer was first observed at
sample probe temperatures of about 80 °C, and no evidence for
the gas-phase dimer was found. Glyoxal was first observed from
the trimer dihydrate solid at sample probe temperatures of 120
°C.

At the University of Colorado, a solenoid pulsed valve
supplies gas pulses to the sample probe and ultimately the
reactor (3 cm length X 1 mm id.) at 10 Hz. Typical backing
pressures are 1500 Torr, and at the exit of the reactor, a vacuum
chamber is held at 1 X 107 Torr by a Varian VHS-6 diffusion
pump (870 L sec™!). The reactor exit faces a 2 mm i.d. skimmer
less than 1 cm from the exit.”> The skimmed molecular beam
encounters fixed 118.2 nm (10.487 eV) photons supplied by
the ninth harmonic of a Nd:YAG laser fired at 10 Hz. Dual-
stage ion optics extract the resulting cations into a Jordan
reflectron time-of-flight mass spectrometer equipped with
chevron microchannel plate detectors. Typical mass resolution
(Am/m) is 400, and spectra are averaged over 1000 scans.

The experiment conducted at LBNL’s Advanced Light
Source Beamline 9.0.2 is similar in principle to the experiment
in Colorado. Continuous flow is used rather than pulsed, and
500 MHz tunable synchrotron radiation (7.4—19 eV) replaces a
fixed VUV ionization source. Gas flow is maintained at 180
standard cm® min™' (sccm) by an MKS P4B mass flow
controller, and the reactor used at LBNL has subtly different
dimensions (3 cm length X 0.6 mm id.). The continuous
nature of the experiment increases signal by at least 2 orders of
magnitude compared to the pulsed microreactor in Colorado.
Typical backing pressures range from 100—300 Torr, depend-
ing upon reactor temperature, and pressure at the reactor exit is
maintained just below 1 X 107 Torr. Typical photon fluxes®’
are roughly 1 X 10" photons per second, and photoionization
efficiency curves are normalized with respect to the photon flux
at a given photon energy.

Matrix-isolation IR spectroscopy provides structural data as a
complement to PIMS mass data. Argon carrier gas passes over
the sample probe and is pulsed at approximatelyl0 Hz through
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the reactor (2 mm length X 1 mm i.d.), which is pointed at a
cold CsI window. A two-stage helium cryostat (HC-2, APD
Cryogenics) maintains the window at 20 K where argon
deposits, thereby trapping the dilute products of decom-
position. Backing pressure is about 800 Torr, and the exit
pressure is maintained at 1 X 107 Torr by an Agilent TV 81 M
turbo-pump. Infrared absorption spectra are collected with a
Nicolet 6700 FT-IR equipped with a MCT-A detector (4000—
650 cm™"), and spectra are averaged over 500 scans with 0.25
cm™" steps. Argon reaches notably lower temperatures than
helium during the short residence times experienced in the
reactor, and SiC wall temperatures must typically be 200 K
higher to see similar results from the Colorado PIMS
experiment.26

2.2. Calorimetry. Materials. Anhydrous ethylene glycol
(>99.5%) was used as purchased and was handled under argon.
Solid glycolaldehyde dimer was recrystallized from boiling
anhydrous methanol, under argon. The solution was cooled to
room temperature and then crystallized over several weeks at 4
°C. The residual methanol was removed under vacuum, and the
solid was stored in a desiccator.

The preweighed glass ampules for calorimetry runs™® were
first evacuated, heated to drive off moisture, then refilled with
argon. Ethylene glycol was added by oven-dried, argon-flushed
pipet, and the liquid was degassed before flame sealing under
vacuum. The solid glycolaldehyde dimer was added to the
ampule in an argon-filled glovebag and then sealed under
vacuum. A microgram balance was used to obtain the sample
mass to the nearest 0.000 001 g, reproducible to +0.000 005 g.

Reaction Calorimetry. The custom reaction calorimetry
system has been described previously” " and is a Wadsd-style
submarine solution calorimeter.”> The argon-filled, airtight
reaction vessel,” already containing the sealed ampule, was
charged with roughly 150 mL of triethylene glycol dimethyl
ether, dried using freshly activated alumina, and a solution of
lithium triethyl borohydride in tetrahydrofuran® (1.0 M, 4.7
mL; 0.0047 mol, 0.5 g of LiEt;BH).

The temperature is measured using a Hewlett-Packard quartz
thermometer accurate to 0.0001 °C, calibrated against a water
triple-point cell at 0 °C. For each reaction run, an electrical
calibration is also performed. Each reaction was repeated
multiple times to obtain the uncertainty in the measurement,
which is reported as twice the standard deviation from the
mean, as suggested by Rossini.”

Differential Scanning Calorimetry. The enthalpy of fusion
of glycolaldehyde dimer was obtained using the same
recrystallized sample as was used for reaction calorimetry.
The TA SDT Q600 DSC/TGA instrument was calibrated using
an indium standard. The samples, in crimped aluminum pans,
were heated from room temperature to 125 °C at a rate of 1
°C/min, with a flow rate of 50 mL/min. The sample mass was
also recorded during the experiment and was shown to be
constant.

2.3. Electronic Structure Calculations. The heat of
formation of glycolaldehyde was calculated using a modified
HEAT protocol.”’ Briefly, the molecular structure was
optimized at the (all electron) AE-CCSD(T)/cc-pVQZ level
of theory, followed by calculation of various electronic
contributions to the energy. The core correlation contribution
used here was [AE-CCSD(T)/cc-pCVQZ—FC-CCSD(T)/cc-
pCVQZ], which reduces the uncertainty in the calculated heat
of formation to 0.5 kcal mol™". Anharmonic zero-point energies
(ZPE) were calculated at the (frozen core) FC-CCSD(T)/
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ANOQO level of theory with ANO1 harmonic frequencies. We
also performed a full FC-CCSD(T)/ANO1 anharmonic
calculation and optimized an AE-CCSD(T)/cc-pCVQZ
geometry in the course of the structure reinvestigation
described below. The adiabatic ionization potentials of the
two lowest states of the glycolaldehyde cation were calculated
at the EOMIP-FC-CCSD/ANOL level of theory, using ANOO
harmonic ZPEs. All calculations were performed using the
CFOUR program system.*

Calculations were also performed using CBS-APNO method-
ology,”” as implemented in Gaussian 09W.”® Structures were
confirmed to be minima on the potential energy surface by
verifying that the frequency calculation had no imaginary
frequencies. If appropriate, exploration of molecular conforma-
tions was first done using lower-level theory in Spartan 08.*

3. RESULTS

3.1. Molecular Structures. The CCSD(T) calculations
predict the ground state of CHO—CH,OH to be the hydrogen-
bonded cyclic structure in Figure 1. The open-chain
conformations are all more than 3 kcal mol™" higher in energy.
The effective structure of glycolaldehyde has been determined

: . 4041 .
previously by microwave spectroscopy. Figure 2 shows the

Glycolaldehyde
ab initio electronic structure
AE-CCSD(T)/PCVQZ
(experimental substitution structure)
ftp = 0.286 D
(0.262 + 0.002)
A

0.965
(1.055) |
H.|

/
o)
1.396
(1.400) ¢ ——C
&7 1502 \
4 @s0) H
1.101

1.096
(1.103)

1.208
(1.210)

 am— > 1,=2329D
(2.33 £0.01)f

(1.104)

Molecular Structure (A) from:
J. Mol. Spectrosc. 2013, 284, 21-28

Figure 2. Molecular structures for X 'A’ glycolaldehyde that result
from CCSD(T) electronic structure calculations of the molecular
geometry of CHO—CH,OH. The values in parentheses are reported
from earlier analysis of the microwave spectrum.”’

results of CCSD(T) electronic structure calculations of the
molecular geometry of CHO—CH,OH; the electric dipole
moments are in Debye and the experimental bond lengths (A)
are shown in parentheses.””*" The purely ab initio structure is
in good agreement with the microwave structure except for the
OH bond length, which differs by approximately 0.1 A, as noted
by Carroll et al.*" Given the excellent agreement between our
calculations and the measured rotational constants for all
isotopes and the dipole moment, we reinvestigated the
microwave structure determination using the published
data*~* and our calculated vibrational corrections to the
rotational constants. We find that the large discrepancy in the
OH bond length between the earlier experimental determi-
nations and theory is due to unusual zero-point contributions
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to the moments of inertia that are inferred from the rotational
constants; when these are taken into account the discrepancy is
largely (but not yet completely) resolved.

It is important to be precise in terminology when discussin%
molecular structures because several inequivalent types exist.*
Generally speaking, structures are obtained from microwave
data by relating moments of inertia that are inferred from the
rotational constants to the atomic positions. The most
conceptually straightforward procedure is to obtain data on
isotopic species and solve a least-squares problem relating the
inferred moments of inertia to a (unique) structure, which
yields an effective 1, structure. Unfortunately, r, structures make
a number of assumptions—for one, that the geometry of
isotopically substituted species are identical after vibrational
effects are included—and so the ultimate goal is to determine
the isotope-independent “vibrationless” r, structure. The earlier
experimental glycolaldehyde structures employed the “sub-
stitution method”,*® where every atom is individually isotopi-
cally substituted to determine its position using the Kraitchman
equations,””*® which permits—again, subject to approxima-
tions—their Cartesian coordinates in the principal axis system
to be obtained. As discussed by Costain,** the resulting r,
structure generally benefits from cancellation of zero-point
vibrational effects and produces structures closer to r, than the
1, method, because usually r, 2 '/,(r, + 1p).

However, the degree of agreement between r,, r,, and r, can
vary, and the OH bond of glycolaldehyde appears to be a case
where it does so significantly. The controlling factors in that
relationship involve the ratios of the sum of the zero-point
rotation—vibration corrections for each of the 18 fundamental
modes ('/,Y.a) and of the rotational constants between pairs
of isotopes in the substitution method.*>*® These ratios are all
contained within a range of about 15% for the single isotopic
substitutions, except for the OH — OD substitution where the
zero-point rotation—vibration correction to the A rotational
constant (/, Y ar*) falls more than five times outside the usual
variation. This extreme deviation appears to be caused primarily
by @;*, the rotation—vibration correction associated with v, the
OH stretch.

With the benefit of the ab initio vibrational corrections, we
determine a semiexperimental r.* structure by correcting the
experimental rotational constants for zero-point vibration and
performing a least-squares optimization of the 12 structural
parameters. The OH bond length we obtain is 0.9528 + 0.0005
A, which while clearly in closer agreement with theory than the
1, value, still seems too short by roughly 0.01 A. We also fit an 1,
structure where Ry = 1.041 + 0.006 A, in accordance with the
previous r, structures. We therefore conclude that zero-point
vibrational effects are responsible for the previously noted
discrepancy between theory and experiment (See the
Supporting Information for details). Nevertheless, the unusual
magnitude of the ry — r, shift and the short r, OH bond length
remain a curiosity, and further investigation is warranted.

3.2. Heat of Formation of Glycolaldehyde. The gas-
phase heat of formation of glycolaldehyde, AgH,o(CHO—
CH,OH), was determined experimentally using a combination
of thermochemical methods. To start, the condensed-phase
heat of formation was obtained by reaction calorimetry.
Combustion calorimetry has been used for carbohydrates in
the past but with mixed results. For example, three combustion
studies™ on solid glyceraldehyde give combustion enthalpies
over an unacceptably large range: —336.9, —346.1, and —348.9
kcal mol™, and this technique was not used in this study.

The condensed-phase structure of glycolaldehyde is
complicated.”® The solid form of glycolaldehyde is a dimer
that can adopt two distinct conformations (Figure 3). Careful

trans-glycolaldehyde dimers
OH
HO
0 Q A/\
OH
OH
di-axial di-equatorial

Figure 3. Structures of the trans-glycoladehyde dimers.

recrystallization can generate each structure separately.”’ The
X-ray crystal structure of the diaxial conformation has recently
been reported.”” The solid dimer is thought to be stable
indefinitely at room temperature.”’ The melting point of the
dimer is 80—90 °C, depending on the structure, and a viscous
liquid persists for days at room temperature, which eventually
solidifies. The liquid is composed of monomers, dimers, and
potentially other structures such as oligomers’”' whose
composition at room temperature presumably changes with
time as crystallization occurs. As such, the stable and well-
defined, solid dimeric form of glycolaldehyde was used for the
reaction calorimetry experiments.

The heat of reduction (AH,.4,) of pure, solid glycolaldehyde
dimer to pure liquid ethylene glycol was obtained through a
two-part thermochemical cycle. This reduction methodology
has been successfully used to determine the gas-phase heat of
formation for aldehydes and ketones,** esters,”” and epoxides,31
with excellent agreement with existing experimental data and
high-level calculations.’"**

In the first reaction, the enthalpy change is measured for the
process in which solid glycolaldehyde dimer is introduced to a
solution of lithium triethylborohydride in triethylene glycol
dimethyl ether, eventually affording the dianion of ethylene
glycol in solution, AH(2). Note that the dimeric form of
glycolaldehyde is in equilibrium with the monomer when
dissolved in solution.”® In the second reaction, the enthalpy
change is measured for dissolving pure liquid HOCH,CH,OH
in the same reaction medium, yielding the same solution-phase
dianion and hydrogen gas, AH(3). The uncertainty in these

measurements is twice the standard deviation from the mean.*
glycolaldehyde dimer(s) = 2CHO-CH,OH (1)
2CHO-CH,0H,) + 4LiEt;BH (),
— 2LiOCH,CH,OLi .,y + 2H, + 4Et;B ;) (2)
HOCH,CH,0Hy + 2LiEt;BH
- LiOCHZCHZOLi(soln) + 2H2 + 2Et3B(501“) (3)

The enthalpies of reaction are measured to be A H(1 + 2)
= —82.01 + 0.34 kcal mol™" [for egs 1 and 2] and A H(3) =
—27.85 + 0.08 kcal mol™'. Combining reactions 1—3 gives

glycolaldehyde dimer(s) + 2H, — 2 ethylene glycol(l) 4)

It is important to note that the solvated species that result
from each of the two experiments are the same; hence, they
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cancel. The difference is the heat of reduction of pure solid
glycolaldehyde to pure liquid ethylene glycol:

AH,4,(4) = A H(1 +2) —2A,_ H(3)
—26.32 + 0.36 kcalmol™! Q)

It is also true that the heat of reduction of the glycolaldehyde
dimer is related to the heats of formation.

AH,4,(4) = 2AH(HOCH,CH,OH, 1)

— A¢H(glycolaldehyde dimer, s) — 2A(H(H,, g)  (6)

Ethylene glycol has been well-studied, and AH(HO-
CH,CH,OH, 1) has been determined by several research
groups.”” Using the value® of —108.73 + 0.18 kcal mol™, the
heat of formation of solid glycolaldehyde dimer is —191.14 +
0.44 kcal mol™'. The gas-phase heat of formation of
glycolaldehyde is then determined by adding the heat of fusion
(AHj,) and the heat of vaporization (AH,,,). The AHg, of the
solid glycolaldehyde dimer was obtained by differential
scanning calorimetry. Solid from the same recrystallized sample
was used for this experiment as for the reaction calorimetry, so
that the ratio of the dimeric conformers was constant. It was
important to use a slow heating rate, 1 °C/min, because the
endothermic melting process was followed by a weak exotherm
attributed to the dissociation of liquid dimer to liquid
monomer. At this scan rate, the exothermic event was complete
before sample evaporation occurred, and the final sample mass
was >99.5% of the original mass as determined by
thermogravimetric analysis. It is also important to note that
there were no solid—solid transitions observed between room
temperature and the observed fusion. The standard deviation of
the three measurements is 0.2 kcal mol™'. The AH;, in (7)
depends on a calibration constant determined by melting a
reference compound, (in this case indium metal), and primarily
because of this, the uncertainty of the measurement is increased
to 0.4 kcal mol™", AHg yncorrectea(7) = 6.6 % 0.4 keal mol ™.

glycolaldehyde dimer(s) — 2CHO-CH,0Hy, 7)

A temperature correction to 298.15 K should be applied to
this AHg,, which is valid at the midpoint of the melting range,
approximately 85 °C. The correction was made using the molar
heat capacities of the solid and liquid; this correction was
especially important to consider in this case because the
structures of the solid dimer and liquid monomer are so
different.

AHfus,ZQS.lS = AHfus,uncmrected + (29815 - Tmid) (chl - CS]

(8)

The heat capacities were obtained by group additivity. For
the liquid monomer, the Chueh—Swanson values were used,*®
giving 30.62 cal mol™' K. For the solid dimer, the values
tabulated by Acree and Chickos were used,”’ giving 33.2 cal
mol™' K. The temperature correction is —1.7 + 0.3 kcal
mol ™!, so the corrected AHg, 505,5(7) is 4.9 % 0.5 keal mol™".
The heat of formation of two moles of liquid glycolaldehyde is
then —186.2 + 0.7 kcal mol™, or Athq(CHO—CHZOH) is
—93.1 + 0.4 kcal mol™.

The AH,,, of glycolaldehyde can be calculated from vapor
pressure versus temperature data available in the literature.”®
The linear data (* > 0.999) were fit to the Clausius—Clapeyron
equation and provide AH,,, = 16.9 keal mol ™" at 325.9 K. This
value can be corrected to 298.15 K using heat capacities,
obtained as described above for the liquid phase and using the
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CBS-APNO calculated value of 15.6 cal mol™ K™ for the
vapor phase. The corrected AH,,, is 17.3 + 1.2 kcal mol™'; the
uncertainty here is the same as in the literature data analysis.
Together, these data lead to an experimental value for the gas-
phase heat of formation for glycolaldehyde, AH,o5(CHO-
CH,OH), of —75.8 + 1.3 kcal mol™.

The gas-phase AH,.q, of glycolaldehyde to ethylene glycol
can also be extracted from the AfH,o(CHO—CH,OH) above
and the AH;(HOCH,CH,OH). The AH,, for ethylene
glycol 15.6 + 1.0 kcal mol™ (obtained as described for
glycolaldehyde) is added to the AgHj, noted above. This gives
the gas-phase AgH,o(HOCH,CH,0OH) of —93.1 + 1.0 kcal
mol~! (which is in excellent agreement with Pedley et al.>”).
The resulting A.4,H,o5(glycolaldehyde) is —17.3 + 1.6 kcal
mol™! and compares quite favorably to the
A, 4uHsos(glycolaldehyde) value, calculated using CBS-APNO
methodology,37 of —17.1 kcal mol™. In the CBS-APNO
calculations, three conformations of CHO—CH,OH and 10
conformations of HOCH,CH,OH were considered®’ with
appropriate multiplicity in an energy-weighted average. The
correction to ethylene glycol due to the higher-energy
conformations amounts to 0.2 kcal mol™" (See the Supporting
Information for further details.)

There have been earlier attempts to use electronic
structure calculations to predict the gas-phase heat of formation
of glycolaldehyde. A G2 calculation reported AdH,es(CHO-
CH,OH) to be —77.6 + 1.2 kcal mol™’, while the G3/DFT
prediction was —75.6 + 0.8 kcal mol ™. We performed a fully ab
initio calculation of the gas-phase heat of formation of
glycolaldehyde. We applied the modified HEAT protocol®
(described above) and found AH,(CHO-CH,OH) = —73.1
+ 0.5 kcal mol™ and AH,s(CHO—CH,0H) = —76.1 + 0.5
kcal mol™". There is good agreement between this completely
ab initio heat of formation (—76.1 + 0.5 kcal mol™) and the
calorimetrically measured result (—75.8 + 1.3 kcal mol™).

Although the CBS-APNO method is a composite method
and is “slightly empirical,” we also used this procedure to
estimate the heat of formation of glycolaldehyde. Using the
CBS-APNO methodology,””*® the reduction to ethylene glycol
was calculated.

CHO-CH,OH + H, —» HOCH,CH,0H

61,62

)

The A,,,Hy5(9) was calculated to be —17.1 keal mol™". Since
the experimentally determined>® AgH,os(HOCH,CH,OH) is
—93.1 + 1.0 keal mol™', the AdH,q4(glycolaldehyde) calculated
by the CBS-APNO method is —76 + 1 kcal mol™".

3.3. lonization Energy of Glycolaldehyde. The ioniza-
tion potential for glycolaldehyde has been measured® by
threshold electron impact ionization to be IE(CHO—CH,OH)
> 10.2 &+ 0.1 eV. To confirm this value, we used tunable VUV
radiation to study the photoionization of glycolaldehyde. Figure
4 shows the photoionization efficiency curve, PIE(m/z 60), that
results from glycolaldehyde (CHO—CH,OH), at 400 K in a
continuous He microreactor. The appearance energy for
CHO-CH,0OH" (m/z 60) fixes a lower bound on the
ionization energy of IE(CHO—CH,0H) > 9.95 + 0.05 eV.
This is slightly below the electron impact result®® of 10.2 + 0.1
eV.

The electronic states of the CHO—CH,OH" ion can be
understood with the generalized valence bond diagrams®* in
Scheme 1. Ionization at the carbonyl group produces a A’ ion
that relaxes to the nonplanar X* 2A* cation. Photoionization of
the alcohol yields the A* A" excited state that is expected to be
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Figure 4. Photoionization efficiency scan for the parent ion m/z 60
resulting from heating glycolaldehyde in a continuous-flow He
microreactor at Beamline 9.0.2 at the Advanced Light Source.

about 0.5 eV above the ground state. The ab initio calculated
ionization gives IE(CHO—CH,0OH) = 10.0 + 0.2 eV and is
consistent with the experimental spectrum in Figure 4. The
ground state of the CHO—CH,OH" is found to be the
nonsymmetric X* %A state. The excited state, A* ?A” (CHO—
CH,OH"), is calculated to be 0.2 eV higher than the X" state.

3.4. Pyrolysis of Glycolaldehyde and Glyoxal. The
pyrolysis pathways for CHO—CH,OH can be evaluated by use
of the known® heats of formation of the radicals and the
measured AdH,os(CHO—CH,OH). Most of the relevant
energetics for thermal cleavage of glycolaldehyde are shown
in Table 1. Scheme 2 shows the likely pathways for thermal
dissociation of glycolaldehyde. Cleavage of the C—C bond,
CHO-CH,OH, requires 82 kcal mol™' and produces the
reactive radicals HCO and CH,OH. In the hot microreactor,

Table 1
experimental thermochemistry, kcal mol™
(1) AH,5(CH;—CH;) 90.2 + 0.1 59,65
) AH,5(CH;—CHO) 84.8 +£ 0.2 59,65
®3) AH,5(CH;—CH,OH) 872 £ 02 59,65
4) AH,o4(trans HCO—CHO) 70.8 +£ 0.3 59,65,79,80
(s) AH,,s(CHO—CH,O0H) 82 +1 this work
6) AH,y(H-CH,CH,) 101.1 + 04 59,65
7) AH,3(H-CH,0H) 96.1 + 0.2 59,65
8) AH,5(CH;CO-H) 89.3 + 04 59,65
9) AH,5(H-CH,CHO) 94 +2 59,65
(10) AH,05(CH;—CO) 1.1 + 04 59,65
(11) AH,(H-CO) 15.6 £ 0.1 59,65
(12) AH,o5(CH,0-H) 302 £ 0.2 59,65
ionization energies, eV’
m/z species ionization energy
1 H 13.598 44 + 0.000 01 81
17 OH 13.016 98 + 0.000 25 82
28 CcO 14.0136 + 0.0005 83
30 CH,=0 10.8850 =+ 0.0002 84
32 0, 12.0696 + 0.0002 85
42 CH,=C=0 9.6191 + 0.0004 86
44 CH,=CHOH > 9.33 £ 0.05 87
44 CH,CHO 10.229S + 0.0007 88
58 HCO-CHO 102 + 0.1 76
60 CHO-CH,0OH > 99§ + 0.0S this work
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these radicals will rapidly decompose to H atoms, CO, and
CH,=0. We estimate that rupture of the HOCH,CO-H bond
will require®® roughly 88 kcal mol™ and furnishes the acyl
radical, HOCH,CO®, and H atoms. Rapid decomposition of
the acyl radical yields (OH and CH,=C=0) or (CO and
CH,OH). Finally, cleavage of the methylene C—H bond of
glycolaldehyde generates H atom and the HOCHCHO radical.
Thermal cracking of the HOCHCHO radical makes H atoms
and glyoxal, HCO—CHO. It is also possible that glycolaldehyde
could isomerize to the enediol (HOCH=CHOH), and
concerted reaction mechanisms, such as loss of water to form
ketene, are also possible.

The unimolecular fragmentation pathways in Scheme 2 all
produce H atoms. It is known® that hydrogen atoms are very
reactive in these hot microreactors. Scheme 3 shows the likely
products that result from H atom chemistry with glycolalde-
hyde. The H atoms could add to the carbonyl C atom to
produce the HOCH,CH,O radical. This alkoxy radical is
expected to rapidly fragment to CH,OH and CH,=O.
Alternatively H atoms could add to the carbonyl O atom and
generate the HOCH,CHOH radical. Loss of OH leads to the
enol, CH,=CHOH. Isomerization of the enol produces
CH;CHO, which fragments***” in the hot microreactor.

A good strategy to avoid the H atom chemistry sketched in
Scheme 3 would be to perform the pyrolysis of CHO—CH,OH
under conditions of high dilution. Commonly, dilution of the
fuel to approximately 0.1% or less in the He carrier gas leads to
suppression of bimolecular chemistry. This is not so easy to
accomplish with glycolaldehyde, because the starting material is
not CHO—CH,OH but the solid dimer.

Figure S shows the 118.2 nm (10.487 eV) PIMS that results
when glycolaldehyde is heated to 1400 K. The bottom scan is
from a sample of the glycolaldehyde dimer heated to 80 °C.
The inset at the top reveals that there are no signals from the
(dimer glycolaldehyde)* at m/z 120, which implies that this
species does not survive in the beam. The spectrum shows an
intense peak at m/z 60 that is assigned to CHO—CH,OH; this
is consistent with the ionization threshold of 9.95 + 0.05 in
Figure 4. The presence of the feature at m/z 32 demonstrates
that CHO—CH,OH is subject to dissociative ionization.

CHO-CH,OH + hw, g5, = CHO-CHZOHJr — products

(10)

Scheme 4 suggests dissociation pathways for the glyco-
laldehyde cation. The ground X* %A state of the CHO—
CH,OH" cation is subject to f-scission that could produce
either the stable ions HCO* (m/z 29) or CH,=OH" (m/z
31). Ionization of the alcohol produces the excited state A" *A”,
which could internally abstract at the acyl group and generate
the metastable [H,O—CH,—CO*®]" distonic ion. Loss of water
leads to the ketene radical-cation, CH,CO™" (m/z 42), or loss of
CO generates the [H,0—CH,*]* (m/z 32) distonic cation. (In
an earlier photoionization study,”’ dissociative ionization of
glycolaldehyde with loss of CO to produce m/z 32 was
observed.) Because the splitting between the X* 2A and A* 2A”
states of the CHO—CH,OH?" is about 240 meV (see Section
3.3), the 118.2 nm (10.487 eV) ionizing laser will produce both
low-lying states of the CHO—CH,OH?" cation. On the basis of
these energetics and Scheme 4, we assign the dissociative ion
m/z 32 in Figure S to be the [H,0—CH,"]" distonic cation.

As the microreactor is heated to 600 K a peak at m/z 31
appears (Figure S). A possible explanation could be isomer-
ization of CHO—CH,OH to the enediol, HOCH=CHOH.
Ionization energies of enols are roughly 1 eV below the keto

DOI: 10.1021/acs.jpca.6b00652
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Scheme 1. Generalized Valence Bond Diagrams for the Ground and Excited States of the CHO—CH,OH" Cation
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tautomer, so IE(HOCH=CHOH) is probably approximately 9
eV. Photoionization of the enediol produces the [HOCH=
CHOH]" cation, which is subject to rearrangementé8 to the
X*2A [CHO-CH,OH]" ion that is chemically activated by
about 1.5 eV. In Figure 5 we assign the feature at m/z 31 to the
CH,=OH" ion. As the reactor is heated to 1000 K, a peak at
m/z 42 is observed and is assigned to CH,CO". This could be
due to dissociative ionization of the enediol or ketene as a
thermal product. At 1200 K, m/z 42 becomes much more
intense.
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Scheme 3
H Atom/Glycolaldehyde Chemistry
0—CH, CH,OH *CH,0OH—H+
/ \¢ +H ! CH,=0
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i\ H H
H
CHOH Hc=2
-~ HCTH CH,=C=0
CHOH H,C \O’H m/z 42

It is difficult to say if there is any H atom chemistry as
described in Scheme 3. Addition of H atoms to O atoms could
lead to production of OH radicals and the enol, CH,=—=CHOH.
There are weak signals at m/z 44 when CHO—CH,OH is
heated to 1200 K. These signals probably arise from small
amounts of CH,=CHOH but are unlikely to originate from
CH;CHO. Acetaldehyde is known”””” to thermally dissociate
to CH; and HCO radicals, but no methyl radicals (m/z 15) are
ever detected. Any hydroxyl radicals that result from the H
atom chemistry in Scheme 3 would form water by reaction with
parent glycolaldehyde.””

One way to avoid the confusing PIMS signals that result
from dissociative ionization is to use IR spectroscopy as a
diagnostic of the pyrolysis products. The IR spectrum of

DOI: 10.1021/acs.jpca.6b00652
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Figure S. 1182 nm VUV PIMS scans resulting from heating
glycolaldehyde in a pulsed He microreactor.
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CHO-CH,OH has been studied in the gas phase®® and in
matrices.”” We performed CCSD(T)/VPT? calculations for the
fundamental vibrational modes of glycolaldehyde. Table 2
compares the ab initio frequencies with the experimental
findings®>’” and the transitions observed in an Ar matrix.
Figure 6 shows the IR spectrum that results when
glycolaldehyde is heated to 1500 K. The presence of
formaldehyde is clearly demonstrated’"”* by observation of
v,(CH,=0), 1,(CH,=0), and v5(CH,=O0). Glyoxal”® is
identified as a thermal product by observation of v;,(HCO—
CHO). Scheme 2 has a possible path for glyoxal formation;
however, the thermochemistry in Table 1 shows AH,o(HCO—
CHO) to be 71 kcal mol™". Because of the relatively low
HCO-CHO bond energy, we expect (Table 1) that most
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glyoxal will dissociate to a pair of HCO radicals, which in turn
fragment to H atoms and CO. Additional concerted reactions
have been shown to predominate at lower temperatures;”'
however, little evidence is seen of this under our conditions at
1500 K in the Fourier transform IR. There is a new >C=0
band appearing to the blue of v,(CHO—CH,OH), which is
assigned to an open-chain conformer of glycolaldehyde in
Figure 1. An additional peak at 1737 cm™' is observed and
attributed to v, of the (CH,=O, H,0) dimer.”* The
unassigned peak at 1767 cm™' observed at 300 and 1500 K is
perhaps due to a similar interaction between water and
glycolaldehyde. Additionally, Figure 7 establishes the presence
of ketene” as a thermal product with detection of v,(CH,=
C=0), v,(CH,=C=0), and v;(CH,=C=0).

To confirm the pyrolysis of glyoxal HCO—CHO (+ M) —
[HCO + HCO] — 2 H + 2 CO, an authentic sample of HCO—
CHO was decomposed in a hot SiC reactor (see Figure 6). The
IE(HCO—CHO) is reported76 to be 10.2 eV (Table 1). Figure
8 shows the PIMS of a dilute mixture of glyoxal in He is
vaporized in a microreactor at 120 °C (400 K), and the parent
peak (m/z 58) is the dominant feature in the spectrum. As the
reactor is heated to 1200 K, the [HCO—CHO]" m/z 58 signal
begins to drop. By 1400 K in He, all signals fade from the 118.2
nm PIMS spectrum, because the pyrolysis products of glyoxal,
H, and CO in eq 10, cannot be photoionized by 10.487 eV
radiation (see Table 1). Figure 9 shows the IR spectra that
result from heating glyoxal in Ar.”>”” By 1500 K, the HCO—
CHO is largely destroyed, and intense signals of CO are
observed. Figure 9 shows the appearance of clusters of carbon
monoxide’® that result from the pyrolysis of glyoxal. We do not
observe any formaldehyde that would arise from the greviously
observed glyoxal molecular decomposition channels.”’

4. CONCLUSIONS

Dilute samples of both glycolaldehyde and glyoxal have been
subjected to flash pyrolysis is a heated microreactor. Pyrolysis
of CHO—CH,OH produces H atoms, formaldehyde, glyoxal,
and carbon monoxide. The unimolecular chemistry in Scheme
2 can account for all of these products. The intense IR signals
for CH,=O are consistent with cleavage of the C—C bond
making the HCO and CH,OH radicals that produce H, CO,
and CH,=0. Cleavage of the C—H methylene bond in
glycolaldehyde leads to the formation of HCO—CHO and H
atoms. Thermal cracking of glycolaldehyde to produce H atoms
and *CO—CH,OH radicals generates CH,=O as well as
ketene, CH,=C=0. The fate of glyoxal is simple. Pyrolysis of
HCO—CHO under our conditions produces a pair of formyl
radicals that decompose to H atoms and CO.

Because the molecular properties of glycolaldehyde are not
well-established, we have measured both the gas-phase heat of
formation and ionization threshold for CHO—CH,OH. The
A{H,3s(CHO—CH,OH) has been determined by a combina-
tion of calorimetric measurements and ab initio electronic
structure calculations. Calorimetric studies of the heat of
reduction of glycolaldehyde in solution lead to a determination
of the heat of formation of solid glycolaldehyde dimer to be
—191.1 + 0.4 kcal mol™. Measurement of AHj,, and AH,,,
results in a value of the gas-phase heat of formation for
glycolaldehyde, AH,qq(CHO—CH,OH), as —75.8 + 1.3 kcal
mol ™. Electronic structure calculations predict values for the
heat of formation of glycolaldehyde that agree well with the
experimental determination. The AdH,q4(glycolaldehyde) calcu-
lated by the CBS-APNO method is —76 + 1 kcal mol™'. More
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Table 2. Vibrational Frequencies and Assignments” for Glycolaldehyde

Vibrational Frequencies for X 'A’ CHO-CH,OH

H
O—C"‘“\H
[\
H\\ /C ~H

o

Infrared frequencies Glycolaldehyde/cm™

mode CCSD(T)/VPT2 A, km mol™ gas phase™ Ar matrix (this work, +0.3 cm™) relative intensity
A’ 12 3557 39 3585/3565/3546 3551/3543/3535 10/25/13
12 2923* 10 2920 2911/2906/2895 2/2/3
12 2813/2842* 33/11 2835/2810 2853/2846/2835 5/6/2
Uy 1751/1692* 83/11 1764/1753/1742 1767/1747/1697/1695 3/186/18/9
Vs 1454/1429* 7/16 1440/1468 1443/1429/1424 4/5/4
Vg 1404°* 30 1410 1402 S
12 1366 14 1376/1359 1366/1365/1361 42/19/5
Ug 1284/1272% 11/21 1299/1282/1273/1268/1266/1258 1272/1268/1266 6/25/19
Vo 1112% 61 1117/1112/1110/1097 1131/1112/1110/1108 6/12/100/45
V1o 853 43 871/861/859/845 860/858/857/856/855 7/18/12/68/29
20 745 8 762/752/750/748/746/743/738 751/749 7/7
Uiy 280 23
A" 2% 2873* 25 2880 2880
Vg 1223* 2 1146 1251/1232/1228 2
Vi 1083 1070/1059/1050 1067 6
i 709 0
Uiy 340 83
Vi 200 6
v, 2715 3 2717/2696 2713/2711 5/3
{v vig} + (v, i) 916 999/997/951/935 5/4/3/2

“The VPT2 calculations use CCSD(T)/ANOO anharmonic constants and CCSD(T)/ANO1 harmonic frequencies. Asterisks mark cases where
resonances were treated by diagonalization. Potential combination/overtone bands for unidentified observed peaks have also been reported.
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Figure 6. Matrix IR spectra that result from heating glycolaldehyde in
a pulsed Ar microreactor. The black trace is the IR spectrum’® of
CHO-CH,OH produced by heating glycolaldehyde dimer to 80 °C.
The green trace is a background that results from heating Ar to 1500 K
in the SiC microreactor. Both formaldehyde’>”* and glyoxal”*”” are
present.

precise, fully ab initio calculations using the modified HEAT
protocol” predict AHy,(CHO—CH,OH) of —73.1 + 0.5 keal
mol™ and A{H,e(CHO—CH,0H) of —76.1 =+ 0.5 kcal mol™.
The electronic structure calculations, both CBS-APNO and
modified HEAT, of the heat of formation for glycolaldehyde are
in excellent agreement with the calorimetrically determined
result of —75.8 + 1.3 kcal mol™".
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Figure 7. Matrix IR spectra that result from heating glycolaldehyde in
a pulsed Ar microreactor. The black trace is the IR spectrum’® of
CHO-CH,OH produced by heating glycolaldehyde dimer to 80 °C.
The green trace is a background that results from heating Ar to 1500 K
in the SiC microreactor. Ketene is clearly present.”

A lower bound to IE(CHO—CH,OH) was fixed by the
appearance energy of the [CHO—CH,OH]* with tunable
synchrotron radiation, IE(CHO—CH,OH) > 9.95 + 0.0S eV.
This ionization threshold is consistent with ab initio electronic
structure calculations. Coupled cluster calculations find the
ionization energy of glycolaldehyde to be 10.0 + 0.2 eV, in
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Figure 8. 118.2 nm VUV PIMS scans resulting from heating glyoxal in
a pulsed He microreactor. The band at m/z 40 is a CH;C=CH
background contamination.
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Figure 9. Matrix IR spectra that result from heating glyoxal trimer
dihydrate in a pulsed Ar microreactor. The black trace is the IR
spectrum”>”” of HCO—CHO produced by heating glyoxal to 120 °C.
The intense glyoxal fundamental v, is detected at 1724 cm™, and the
(water, glyoxal) complex™ is observed at 1717 cm™". The green trace
is a background that results from heating Ar to 1500 K in the SiC
microreactor.

agreement with the experimental bound. Coupled cluster
calculations were also used to analyze the molecular structure of
glycolaldehyde and to revise the geometry of this carbohydrate.
We find that equilibrium O—H bond length is considerably
shorter than suggested by experimental determinations of the
effective r, structure on account of unusual zero-point
contributions, primarily from the v; OH stretch.

These successful efforts to understand the thermal cracking
and the molecular properties of both glyoxal and glycolalde-
hyde encourage us to believe that the pyrolysis of complex
sugars can be understood as well.
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