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Abstract- The ionization energy of gas-phase deoxyribose was determined using tunable 

vacuum ultraviolet synchrotron radiation coupled to an effusive thermal source. Adiabatic and 

vertical ionization energies of the ground and first four excited states of α-pyranose, the structure 

which dominates in the gas phase, were calculated using high-level electronic structure methods. 

An appearance energy of 9.1(±0.05) eV was recorded which agrees well with a theoretical value 

of 8.8 eV for the adiabatic ionization energy. A clear picture of the dissociative photoionization 

dynamics of deoxyribose emerges from the fragmentation pattern recorded using mass 

spectrometry and from ab initio molecular dynamics calculations. The experimental threshold 

(9.4 eV) for neutral water elimination upon ionization is captured well in the calculations, and 

qualitative insights are provided by molecular orbital analysis and molecular dynamics snapshots 

along the reaction coordinate. 

 

 

 

Keywords: sugars, synchrotron radiation, electronic structure calculations, mass spectrometry, 
fragmentation. 



 

Sugars, together with phosphates, constitute the scaffold on which nucleic acids build up DNA’s 

structure. 2-deoxy-D ribose, the “D” in DNA, exists predominantly in the pyranose form in the 

aqueous phase, and it is believed to maintain this structure in the gas phase too.1 The interaction 

of energy (X-rays, electrons, particles, VUV photons) with DNA has been studied in detail over 

a number of years, yet some basic questions regarding the electronic structure of the building 

blocks of DNA remain unanswered.2,3 For example, a question such as “what is the ionization 

energy of deoxyribose?” does not generate a number with much certainty. There is one report in 

the literature of a 10.5 eV ionization energy measured using electron ionization,4 and a few 

theoretical calculations  present numbers around this value.5-8 This is a surprisingly high value 

for a molecule that contains oxygen in a ring structure.  Similar molecules such as 

tetrahydrofuran have ionization energies much lower, and there is near perfect agreement 

between theory and experiment for that molecule.9,10  There have also been a number of 

experimental and theoretical11,12 studies on the fragmentation of deoxyribose molecules from 

energetic radiation. However, these have often relied on an ionization energy of 10.5 eV or 

higher for the parent molecule to explain the experimental results.4-6,13 The difficulty in 

generating an experimental ionization energy for sugars such as deoxyribose stems from the 

difficulty  to prepare intact molecules in the gas phase for subsequent interrogation by ionizing 

radiation.  

In this study we employ a gentle thermal desorption method coupled to tunable VUV 

photoionization to measure an experimental ionization energy for deoxyribose and to study its 

fragmentation mechanisms. We compare the experimental measurements with electronic 

structure calculations of vertical and adiabatic ionization energies. Ab initio molecular dynamics 

(AIMD) simulations are used to understand different fragmentation channels obtained via 

dissociative photoionization. The results and techniques described here will aid in a general 

understanding of the electronic structure of sugars, a topic of much discussion recently since 

biofuels are been seen as 21st century transportation fuels.14 There is great interest in 

understanding the thermal and photoionization dynamics of molecules such as cellulose, 

levoglucosan, glucose, and cellobiose, among other molecules.15,16 Our group has started a 

systematic program to study the photoionization and desorption dynamics of biomolecules,17,18 
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sugars and other lignocellulosic19 material using a variety of experimental and theoretical 

methods, and here, to the best of our knowledge, we present the first experimental 

photoionization energy measurement for deoxyribose and an accurate calculated value of its 

ionization energy.  

                  

(a) Furanose              (b) α Pyranose      (c) β Pyranose 

Figure 1: Structures of furanose, α pyranose and β pyranose form of 2-deoxy-D-ribose. 

The relative energies of the pyranose and furanose forms of 2-deoxy-D-ribose are shown in 

Table 1.  The pyranose form is 7.9 kcal/mol lower than furanose in the gas phase. Thus, although 

furanose is the most common form in DNA, pyranose is the most abundant form in the gas 

phase. The pyranose structures have two isomers (α and β) depending on the OH group position 

in C1. The α structure has the OH group pointing down in the Fischer diagram and β structure has 

the OH group pointing up. The α structure is more stable by 5.6 kcal/mol than the β form. 

Table 1: Relative stability of the gas-phase furanose and pyranose forms computed by 

DFT/ωB97x/cc-pVTZ 

Species Rel. energy in kcal/mol 

Furanose 7.90 

α-Pyranose 0.0 

β-Pyranose 5.60 



 

 

Figure 2: Experimental mass spectrum of deoxyribose gas-phase molecules recorded using 

an effusive source maintained at 321K and at (a) 9.4 eV and (b) 10.5 eV, respectively. 

Figure 2 (A) shows a mass spectrum of deoxyribose recorded at a photon energy of 9.4 eV. The 

main peak at m/z 134 corresponds to the deoxyribose cation. The next major peak is at 116 amu 

and arises from the elimination of H2O, while other peaks are seen at 58, 89, 98 and 148 amu. 

Upon increasing the photon energy to 10.5 eV (Fig. 2(B), the parent signal decreases 

dramatically, and m/z 70 and 73 along with 116 amu dominate the spectrum. A new peak at 117 

amu is also prominent. The m/z 148, 98 and 88 features are tentatively assigned to methyl-

deoxyribose, furfural alcohol and tetrahydrofuranol by comparing photoionization efficiency 

curves (PIEs) to reported ionization energies and the measured PIE of deoxyribose in this work 

(see supplementary material, SM). The m/z 103 and 116 features arise from elimination of CH3O 

and H2O respectively.  Extensive fragmentation has been noted from deoxyribose, upon electron 
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ionization,4 VUV ionization,13 and particle bombardment.6 The mass fragments at m/z 70, 73, 

88, 103, 116 and 117 amu have been observed under these conditions, but very little or no parent 

cation (m/z 134) has been observed in these earlier experiments. In a previous VUV 

photoionization study of deoxyribose,13 the parent mass at m/z 134  was not detected, and there 

was extensive fragmentation, similar to a 70 eV electron ionization mass spectrum. Recently 

Shin et al.5 laser desorbed a deoxyribose/R6G mixture and using 26.44 eV laser photons saw 

extensive fragmentation similar to that seen in earlier work using electron impact and VUV 

ionization and no evidence for the parent cation. In our case, thermal desorption at lower 

temperatures (303-323 K) should give rise to less decomposition and ionization at threshold 

allows for detection of the parent cation. 

 

Figure 3:  (A) An experimental PIE curve for deoxyribose recorded with a step size of 50 

meV. The vertical lines denote calculated adiabatic (AIE) and vertical (VIE) ionization 

energies of the furanose (F) and pyranose (P) forms of deoxyribose, respectively. (B) A PIE 

curve for m/z 116 (water elimination channel) normalized to parent mass at m/z 134. 



The computed (ωB97x/cc-pVTZ) gas-phase ionization energies (vertical and adiabatic ionization 

energy —VIE and AIE) of the 2-deoxy-D-ribose are given in Table. 2. The IEs for the α-

pyranose form were benchmarked against equation-of-motion coupled-cluster with singles and 

doubles (EOM-IP-CCSD) using cc-pVTZ, and the differences were less than 0.05 eV. 

Table 2: Vertical and adiabatic ionization energies of 2-deoxy-D-ribose (in eV) computed 

by ωB97x/cc-pVTZ.  

Species VIE AIE w/o ZPEa AIE w/ ZPEa Koopmans VIE 

Furanose 10.06 9.05 8.98 10.15 

α-Pyranose 9.60 8.86 8.81 9.71 

β-Pyranose 9.63 8.74 8.70 9.71 

 
a Zero point energy 

Both the α and β forms of pyranose deoxyribose have very similar IEs, while the furanose form 

has higher IE. The AIE with ZPE for α-pyranose is calculated to be 8.81 eV (8.86 without zero 

point energy (ZPE)) and agrees well with our measured appearance energy of 9.1 eV shown in 

the PIE curve for the parent mass in figure 3 (A). The discrepancy of 0.2 eV between theoretical 

and experimental values is likely to be due unfavorable Franck-Condon (FC) factors (FCFs); 

similar magnitude difference between 00 transitions and the computed apparent PIE onset has 

been observed in our previous study of thymine-water clusters20. The PIE shown in figure 3 (A) 

rises gradually up to 9.55 eV, plateaus for 0.1 eV, and then continues rising up to 11.00 eV. Our 

calculated VIE of 9.60 eV suggests poor FCFs  for ionization. Experimentally, this manifests as 

the broad onset in the PIE shape as opposed to a sharp step function. Attempts were made to 

calculate the FCFs and to generate a photoelectron spectrum using the ezSpectrum code21 (based 

on double-harmonic approximation), which has been successfully applied to compare 

experimental and theoretical results for thymine, thymine clustered with water, and other 

nucleobases.22,23  Contrarily to previous studies22,23, the shape of the computed PIE curve did not 

agree with the experimental one, most likely due to significant ionization-induced distortions and  

anharmonic effects one would expect for such a floppy molecule as deoxyribose.  
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(1) 9.60    (2) 10.51               (3) 11.04   (4) 11.30 

Figure 4: Molecular orbitals and vertical ionization energies (in eV) for the lowest 4 ionized 

states in the α pyranose form of deoxyribose. The EOM-IP-CCSD/cc-pVTZ  amplitudes for 

these orbitals are 0.95, 0.92, 0.92, and 0.93, respectively, revealing dominant Koopmans 

character of the ionized states. 

The molecular orbitals (MOs) giving rise to the first 4 lowest-energy ionized states are shown in 

Figure 4. These computed EOM-IP-CCSD/cc-pVTZ ionization energies (VIEs are 9.60, 10.51, 

11.04, 11.30 eV) suggest that the 2nd ionization onwards will contribute to the rise of signal in 

the experimental curve only beyond 10 eV. Thus, these states will not be discussed further. 

Future photoelectron or ion-electron coincidence experiments should allow these ionizations to 

be followed experimentally. The MO from which the 1st ionization occurs has significant 

electron density in the oxygen lone pairs, lp(O), and on the bonding σ orbitals between C3-C4 and 

C4-C5. The shape of this MO along with the distribution of the spin density (included in SM) 

explains the observed (in calculations) weakening of the C4-C5 bond in the cationic species (1.84 

Å versus 1.53 Å in the neutral). Details of the structural changes of the cationic species are given 

in the SM.  

Around 9.4 eV, one of the major fragments is mass 116, which arises from the elimination of 

H2O from the parent.  At 10.5 eV, the parent signal is low, while m/z 116 remains strong. To 

disentangle the signal arising from thermal dissociation of deoxyribose, and subsequent 

photoionization of the fragment and dissociative photoionization, we recorded the PIE for m/z 

116. This signal was normalized to the parent mass at m/z 134 to show relative trends and 

amplify the increase of m/z 116 relative to parent, and the result is presented in figure 3 (B). 

There is a flat signal of around 5 counts to 9.4 eV and then the intensity rises rapidly and levels 

off at 10.2 eV with around 80 counts. This independent behavior of the ion signal versus photon 



energy suggests the signal prior to 9.4 eV arises from thermal decomposition and the appearance 

energy at 9.4 eV arises from dissociative photoionization. 

While the FC calculations (see SM) were not successful in reproducing the experimental PIE 

curve, they do aid in understanding the fragmentation mechanisms. The examination of the 

simulated photoelectron spectrum shown in figure 2 of SM reveals that the ν2, ν6, ν8, ν11, ν15, ν21, 

ν23, ν35  modes are FC active. The largest displacement is along the ν11 mode (CH bending around 

C2 and C3, and twist along the C5O bond in the ring); the overtones or combination bands of ν11 

give rise to the dominant progression. The other important normal modes are ν0, ν6, ν24, and ν50. 

ν0 consists of CO bending at the OH groups of C1 and C4, and CH bending at C5. ν6 involves OH 

bending at C3 and CH bending at C2 and C5. ν24 is a combination of  CH bending at C2, C3, and 

C4. ν5 consists of CO bending and OH stretching at C3.  

 To gain insight into the mechanism of the dissociative photoionization, we carried out ab initio 

molecular dynamics (AIMD) calculations with B3LYP/6-31+G(d,p), starting from initial 

structures that are slightly displaced along the most FC-active modes described above. We notice 

that significant fragmentation occurs within 4 ps (with a 2 fs time step at 300K). At this time 

scale, the most active fragmentation channels are those that produce neutral H2O (m/z 116) and 

CH2O (m/z 104, 86, 60 and 44, see SM for chemical structures). m/z 104 is produced by CH2O 

elimination, while the m/z 86, 60 and 44 fragments are formed by secondary fragmentation 

following CH2O elimination. Another channel that we observed is the elimination of CH3O (m/z 

103). Experimentally, apart from m/z 104, all the other fragments have been observed. However, 

strong signals observed at m/z 70 and 73 are not reproduced by the simulations.  Previous 

experiments13 show the presence of m/z 104, 86, 60 and 44 (which are predicted by AIMD). 

Since only 50 trajectories were run, it is unrealistic to expect to observe all possible 

fragmentation channels in these limited simulations. Moreover, we did not perform an exhaustive 

investigation of secondary fragmentation channels.  A possibility for the presence of m/z 70 and 

73 could be that these are formed by ionization of neutral fragments which have been formed 

thermally, and not from dissociative photoionization. 
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Figure 5: The free energy along the reaction coordinate of the constrained optimized 

structures taken from AIMD snapshots. Entropy contribution was evaluated within the 

RRHO approximation. 

We further analyze the H2O elimination fragmentation channel. The AIMD trajectories reveal 

that most of the processes start with the C4-C5 bond breaking, in accordance with our 

expectations. Since the C4-C5 bond is significantly weakened in the cation (as evidenced by its 

elongated bond length of 1.84 Å), it is most likely to break causing the cyclic structure to unfurl. 

This allows the OH groups on C3 and C1 to come close to each other, which is promptly followed 

by water elimination. The reaction can be monitored by observing the time evolution of the C4-

C5 bond length as well as the OH bond lengths (see SM). To understand the nature of the 

reaction barrier, we take snapshots from the MD trajectories and perform constrained 

optimization (such calculations yield energy profile along an approximate reaction coordinate). 

During the ring-opening part of the trajectory, the reaction coordinate is approximated by C4-C5 

distance (which is, therefore, frozen in optimizations), whereas the second part (water 

elimination facilitated by the OH groups on C3 and C1 approaching each other) is represented by 

the O-H bond length of the C1 carbon. Figure 5 shows the free energy change from the neutral 

deoxyribose (calculated from the energy of the constrained optimized structures and the entropy 

within the rigid-rotor-harmonic-oscillator, RRHO, approximation) at the reactant, product and 

transition state (TS). The energy along the reaction coordinate increases, since it is dominated by 

bond-breaking (C4-C5, C3-O, C1O-H bond breaks and one OH bond is formed), which is 



endothermic. However, the entropy increase leads to negative free energy change. The computed 

approximate minimum energy path suggests that the rate-determining step is the bond breaking 

and subsequent opening up of the ring (~9.4+/- 0.5 eV barrier), which is in excellent agreement 

with the experimental threshold for water elimination. It also shows the structure of the reactant, 

product, and the TS. A detailed picture of the process along the reaction coordinate is included in 

the SM. It shows that since the ring opening and fragmentation processes are strongly affected by 

the entropy change, the energy and the free energy profiles are significantly different from each 

other.  A movie of the water elimination channel is also included in the SM. These approximate 

calculations of the minimum energy path were validated by computing fully optimized TS, 

which yielded a very similar structure and a ~9.8 eV barrier. 

To conclude, we have measured an experimental adiabatic ionization energy of 9.1 eV for 

deoxyribose in the pyranose form in the gas phase, and this value agrees well with a theoretical 

estimate of 8.8 eV. Electronic structure and AIMD calculations provide insight into the water 

elimination pathway upon deoxyribose dissociative photoionization and the calculated 9.4-9.8 

eV barrier agrees well with experimental observations. This combined experimental and 

theoretical approach in studying the dissociative photoionization of a model sugar will find 

application in studying biomass decomposition where VUV photoionization mass spectrometry 

is being proposed as a tool for chemical analysis. The calculations will aid the design of future 

experiments to probe the dynamics of the dissociative photoionization using ion-electron 

coincidence or ultra-fast pump probe experiments with VUV photons. 

Experimental and computational: 

The experiments were performed at the Chemical Dynamics Beamline at the Advanced Light 

Source (SM). Deoxyribose was gently desorbed via thermal heating and subsequently ionized by 

tunable VUV synchrotron radiation and extracted into a reflectron time-of-flight (TOF) mass 

spectrometer. A TOF mass spectrum is recorded at photon energies between 8.5-11.0 eV, with 

50 meV resolution and photoionization efficiency curves are extracted from these data sets. The 

optimized geometries of the pyranose and furanose form of 2-deoxy-D-ribose were calculated by 

density functional theory (DFT) with the ωB97x functional24 and the cc-pVTZ basis set25 to 

identify the most stable structure in the gas phase. The optimized structures of the cationic 

species were calculated at the same level of theory. The vertical and adiabatic ionization energies 
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were computed with DFT as well as EOM-IP-CCSD26-31 using the same basis set. The 

fragmentation dynamics of the cationic species was analyzed using AIMD simulations with the 

B3LYP functional32,33 and the 6-31+G(d,p) basis set. The water elimination channel (which was 

found experimentally to be one of the dominant channels) was further studied by optimizing the 

structures with constraints (at the ωB97x/cc-pVTZ level) along the reaction path obtained from 

AIMD snapshots. The entropic effects were calculated within the RRHO approximation to 

estimate the barrier for the water elimination process. All calculations were performed using the 

Q-Chem electronic structure program34. 
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