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Photocatalysis and the origin of life: Synthesis
of nucleoside bases from formamide

on TiO,(001) single surfaces
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We report the conversion of a large fraction of formamide
(NHCHO) to high-molecular-weight compounds attributed to nu-
cleoside bases on the surface of a TiO, (001) single crystal in
ultra-high vacuum conditions. If true, we present previously un-
reported evidence for making biologically relevant molecules from
a C1 compound on any single crystal surface in high vacuum and
in dry conditions. An UV light of 3.2 eV was necessary to make the
reaction. This UV light excites the semiconductor surface but not
directly the adsorbed formamide molecules or the reaction prod-
ucts. There thus is no need to use high energy in the form of
photons or electrical discharge to make the carbon-carbon and
carbon-nitrogen bonds necessary for life. Consequently, the reac-
tion products may accumulate with time and may not be subject to
decomposition by the excitation source. The formation of these
molecules, by surface reaction of formamide, is proof that some
minerals in the form of oxide semiconductors are active materials
for making high-molecular-weight organic molecules that may
have acted as precursors for biological compounds required for life
in the universe.

photoreaction | titanium oxide | x-ray photoelectron spectroscopy

he origin of life is the most essential question that the human

mind has probed. Explanations diverge and depend on one’s
individual beliefs and sociological environment. Among several
theories regarding the formation of biological molecules needed
for life, those considering mineral surfaces are the most appeal-
ing because of their simplicity. These minerals may act as a
template providing directionality, a surface on which accumu-
lation of molecules occurs (concentration effect), and as cata-
lytic materials, reducing the activation energy for the formation
of the reaction intermediate. These theories, originating from
the work of Oparin (1), Haldane (2), and Bernal (3), have found
both conceptual (4) and experimental (refs. 5-8, among others)
interest over the years. Although both the earth and intergalactic
particles contain semiconductor oxides that may be activated by
the presence of light, very few studies have addressed their
activity (see ref. 9, where the photoreaction in the liquid phase
of formamide was studied in presence of titanium dioxide, and
references therein), and none have been performed as a solid-
gas system and/or on well-defined atomically clean surfaces in
ultra-high vacuum conditions. Some work has focused on direct
activation with strong UV light (=7-8 eV; 1 eV = 1.602 X 10~
J) of C1 organic compounds deposited on ice to make amino
acids (10, 11), but over time this same light (because of its high
energy) will decompose the reaction products. However, light of
the order of 3 eV does not decompose organic compounds, but
is absorbed by wide band-gap oxide semiconductors such as
TiO,. As a result, electron/energy transfer may occur from the
surface of the semiconductor to the adsorbate, initiating a
photoreaction that otherwise could not be achieved. One of the
most positive points about photoreactions is their negligible
temperature dependence: the activation energy for the reactions
of small organic compounds is typically <10 kJ-mol~! (12). The
most active photocatalytic semiconductor found in nature is
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Fig. 1. Products desorbing during TPD after formamide adsorption at 300 K
over the (011)-faceted TiO, (001) single crystal surface in dark conditions.

TiO,, which is present in reasonable amounts (0.01-1 wt %) on
earth as well as on stratospheric particulates. Equally impor-
tantly, TiO; is an active catalyst for carbon—carbon bond for-
mation reactions (13, 14): a requirement for making higher-
molecular-weight compounds from smaller ones. In this work we
show that in ultra-high vacuum conditions (10710 torr), it is
possible to make a wide range of organic compounds from
formamide, including nucleic acid bases, when the surface/
adsorbate system is excited by UV light. Formamide is a
molecule present in the stratosphere, in addition to being a
prebiotic molecule (15).

Results and Discussion

Fig. 1 shows the reaction of formamide (m/z 45) on the
stoichiometric surface in dark conditions. The desorption prod-

Conflict of interest statement: No conflicts declared.
This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: TPD, temperature-programmed desorption; XPS, x-ray photoelectron
spectroscopy.

*To whom correspondence should be addressed. E-mail: h.idriss@auckland.ac.nz.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0505768103



Lo L

P

1\

AR AN

a I = b
.|t ﬁ B 5’
' =2 el =3
* @, g
S g @
s —_ : =
P 4 .| - =
: . = ~ -, 2
a . =~ ST - =
: AR o =
W - 1 C e
Ape g2 - §
g g
295 zaa 2§1 259 2;:7 285 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)
C o 1.2 § - » d A
gaay c . &% 700K
Rl PTRL V. i vl
O 300 450 600 750 5
Temperature (K) ;“" 600K! &
- - b =
@Mw.bw"’%% 700K L ks e
| o i, o -
=Ta L o"’ r ;
& | | 600K F a7 450K g
& e ", e [yl TR
f= g ’ R | - \-t..f\ c
S 450K 2
s " " S I - . =
" ] D SN &g, A 300k] &
g & s s A
Wm S s 300K o y W]
o P ap
F SO, A o
291 289 287 285 283 404 400 396 392
Binding Energy (eV) Binding Energy (eV)

Fig.2. High-resolution XPS of formamide adsorbed on the (011) faceted TiO,
(001) single crystal surface. (a) C(1s) upon adsorption of formamide at 84 K,
mainly one peakisseen at >>288.5eV. (b) The corresponding N(1s) to a. Mainly
one peak is seen. (c) C(1s) lines upon adsorption of formamide at 300 K
followed by increment temperature. Two main peaks are seen at 287.5 and
290 eV. A third peak also is seen to emerge upon heating at 289 eV at higher
temperatures. Inset shows the computed C1s peak areas as a function of
heating the surface; ~60% of the adsorbed species remains on the surface at
700 K. (d) The N(1s) corresponding to c. Evidence due to both dissociation and
further reaction can be seen by the line at 396.5 and 398 eV.

ucts observed are CO (m/z 28), H, (m/z 2), NH; (m/z 17), HCN
(m/z 27), and trace amounts of unreacted formamide (m/z 45)
and H,O (m/z 18). The most significant desorption is that of
HCN at =715 K, formed by dehydration of the adsorbed
formamide molecule. Thus, there are two main reactions occur-
ring on TiO,: decomposition to NH3 and CO and dehydration to
HCN, with the former more favored.

NH,CHO — NH; + CO  AH? = +29kJ-mol !

NH,CHO — H,0 + HCN AH°® = +79kJ-mol ™.

Fig. 2 presents high-resolution x-ray photoelectron spectros-
copy (XPS) of formamide adsorbed on the same surface. The
objective of the figure is to show that although no reaction
occurred at 85 K, a considerable reaction of formamide occurred
at 300 K and above. At 84 K, there is one main peak for the C(1s),
close to 289 eV, and one main peak for the N(1s), close to 400
eV. This observation means that NH,CHO is molecularly ad-
sorbed (most likely in an n! configuration: NH,CHO ... Ti,
where s is for surface), and the NH, group (pointing away from
the surface) is seen at 400 eV (very similar to that of a
molecularly adsorbed NH3 molecule). The adsorption is dra-
matically different at 300 K, where evidence of reaction is clear
at both the C(1s) and N(1s) regions. In the Cls region one can
see lines at ~290 eV and a smaller one at 286 eV. The 290 eV
peak is due to oxidation of formamide, whereas the 286 eV one
is due to reduction. In the N1s region the main additional lines
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Fig.3. TPD after formamide adsorption at 300 K over TiO; (001) surface and
15-min UV irradiation at 1072 torr.

are seen at 396.5 and 398 eV at 300 K. The 396.5 eV is due to
surface nitrogen atoms, whereas the 398 eV is due to N(1s) in
intermediate states between a saturated N, such as in formamide
(close to 400 eV) and that of a fully dissociated N (such as atomic
nitrogen). This intermediate state is most likely that of a N=C
bond. Upon heating the surface with increment temperatures up
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Fig. 4. The same TPD as in Fig. 3 showing the smaller masses attributed to
other fragments of nucleotides as detailed in the text.
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Table 1. Mass spectrometer fragmentation pattern of nucleoside
bases and formamide with their computed correction factor

m/z G A T U C F
151 100 — — — — —
135 5 100 — — — —
126 — — 100 — — —
112 — — — 100 — —
111 — — — — 100 —
110 20 — — — — —
109 20 — — — — —
108 — 26 — — — —
83 — — 12 — 15 —
81 7 — — — — —
69 7 — — 65 20 —
55 — 80 — — —
54 17 11 — — — —
45 — — — — — 100
43 30 — — — — 11
29 — — — — — 34
17 — — — — — 32
CF 4.5 3.7 3.6 3.3 2.7 1.6

Patterns of nucleoside bases are from the National Institute of Standards
and Technology. CF, mass spectrometer correction factor based on the parent
ion. A, adenine; C, cytosine; G, guanine; T, thymine; U, uracil; F, formamide.
Boldface type indicates molecular weight.

to 700 K, only 40% of the surface adsorbates are removed, and
complex spectra are seen in both the C(1s) and N(1s) regions.
These lines indicate the still presence of multiple species (see Fig.
2 for more details).

When the adsorption of formamide on the TiO, (011) surface
is subjected to UV irradiation for 15 min, the resulting temper-
ature-programmed desorption (TPD) shows evidence of con-
siderable masses above m/z 45 (the molecular weight of a
formamide molecule is 45). In Figs. 3-5 and Tables 2 and 3, we
are presenting arguments that the observed masses by mass
spectrometry in the gas phase and the observed lines due to
C(1s) and N(1s) on the surface by high-resolution XPS are
complementary and give evidence that high-molecular-weight
compounds are formed from formamide on the surfaces of TiO,
single crystal in ultra-high vacuum conditions. The first and most
important observation is that masses above the molecular weight
of NH,CO are seen in the gas phase in the presence of UV light
and are not seen in its absence. Many products are also noticed
in this experiment, the largest of which are summarized in Fig.
5 (in Fig. 5 and starting from the highest observed mass,
attributed to guanine one can in a step-by-step manner make for
the contributions of the other compounds of lower masses).
Although it is not possible, given the nature of our experiment
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Fig.5. Uncorrected peak areas of desorbing products from Figs. 3 and 4 and
others not shown in the figures.

and the complexity of the desorption products, to unambiguously
identify the products of these masses we give in the following the
method used to attribute some of these high-molecular-weight
compounds to nucleoside basis and their fragments. The high
desorption of m/z 55 and 81 is probably due to condensation of
two and three molecules of formamide, respectively. The pres-
ence of the masses above m/z 80 is a clear indication that organic
compounds containing the heteroatoms N and O are formed,
these compounds are best attributed to nucleoside bases as
follows (see Table 1 for additional information). The attribution
of m/z 135 to adenine is in accord with other findings related to
the liquid phase reaction of formamide on titanium dioxide in
solution chemistry (9). The highest mass observed in this work
is m/z 151, and together with the presence of large amounts of
m/z 43 is a strong argument for the presence of guanine. The
presence of m/z 112 and 69 and the fact that most fragments
from higher compounds containing C, N, and O give odd
numbers suggest that uracil has been formed. As seen in Table
3, neither guanine nor adenine nor uracil give m/z 111, which
suggests the presence of cytosine. The thymine attribution is not
without ambiguity because several isomers of thymine may give
m/z 126. The isomers of thymine are 6-methyluracil, 3-methyl-
uracil, and 1-methyluracil. The 6-methyluracyl and 3-methyl-

Table 2. Relative peak intensity of the XPS C(1s) lines at the given binding energies for A, C,
G, T, U powders from ref. 16 and for the corresponding XPS C(1s) observed from formamide

on TiO; (011) surface

Relative intensity,* a.u.

Energy, eV A C G T U Attribution 300 K* 450 K* 600 K* 700 K*
285 6 13 9 14 10 C-H; ¢-C 9 9 8 8
286-287 13 11 12 7 8 C-Nx 12 13 11 8
288 0 13 11 6 3 Amide 51 46 46 24
289-290 0 6 0 7 13 Urea 22 24 20 15
>290 28 24 25 17

A, adenine; C, cytosine; G, guanine; T, thymine; U, uracil; a.u., arbitrary units.

*Calculated from ref. 16.
TCalculated from Fig. 2c.
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Table 3. XPS C(1s)/N(1s) for A, C, G, T, and U from ref. 16 and from formamide at 84 K

(condensed phase) and higher temperatures
A* C* G* T* TT U*

84 K* 300 K*

450 K* 600 K* 700 K*

1.1 1.6 1.1 2.8 2.4 2.1
1.08 1.33% 1.08 2.58 2.5 25

1.1 1.2 1.1 1.6 1.5
1.08

Shown are the expected theoretical ratios from the chemical formulae.

*From ref. 16.

TCalculated from a fresh thymine sample analyzed using a Phi XPS double-pass CMA machine. Correction factors
were as follows: C, 0.296; O, 0.711; and N, 0.477 [from Phi Handbook (22)].

*From Fig. 2.
STheoretical ratios.

uracil give a large signal of m/z 68, a mass that was not observed
during the experiment.

An estimate of the reaction yield can be obtained by summing
the main raw peak areas of the products attributed to A, C, G,
T, U, and HCN tetramer (m/z 108) and multiplying them by their
correction factor (Table 1) and by the number of formamide
molecules required for their synthesis. These yields together
represent 32% of the total desorption of the carbon-containing
products.

High-resolution XPS Cls spectra of DNA bases have been
analyzed recently (16). This has allowed us to assign the nature
of the adsorbed species. In Table 2, we compare the data of A,
C, G, T, and U with those obtained in Fig. 2 from formamide.
In Table 3, we report the C to N ratios at different reaction
temperatures. Based on this, we have found that the surface is
richer in A and G and poorer in T, C, and U. It is interesting to
note that the distribution of gas-phase species (Fig. 5) is the
opposite.

Estimation of the number of molecules converted can be
obtained by combining XPS and TPD results. From the atten-
uation of the Ti2pz, high-resolution XPS peak the surface
coverage is found close to one, with respect to Ti atoms (see Fig.
7, which is published as supporting information on the PNAS
web site). This high coverage is possible because of the small size
of formamide and its preferential adsorption via the oxygen lone
pair. The number of high-molecular-weight compounds that
have desorbed during TPD is found = 1.3 X 10 per cm? of TiO».
Approximately 2/3 of the initial coverage remains on the
surface, even after heating to high temperatures; some of it is
likely in polymeric form that gives nucleoside bases upon heat-
ing. The most interesting part of the reaction is probably the one
that is still on the surface.

A mechanism involving formamide, HCN, and NH3 in solu-
tion for the synthesis of purines has been reported by others (9).
HCN molecules can form a polymer-like structure that is not well
characterized but yields nucleoside bases (17, 18) and some
amino acids (19) upon hydrolysis. It is striking to know that five

NH,
o NZ
A =25 )\ | N>*I! AH =471 kJmol-!
2
H N ITI
H
NH,
(0] =
1 N \ B »
S NH.CH ——» * | H + 5 H-O AH =-75 kJmol
b - 2
H N ]T‘
H
Scheme 1. Condensation of five molecules of HCN (or formamide) to one

molecule of adenine (or five molecules of adenine and five molecules of
water).
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molecules of HCN (or formamide less water) give one molecule
of adenine (Scheme 1).

Based on XPS data (Fig. 2), it is highly likely that a polymeric
form of a compound containing C, N, and O atoms is present on
the surface of TiO, and that transformation to nucleoside bases
upon UV irradiation followed by TPD occurs. Our work suggests
that the role of UV is to decompose some of the polymer-like
structure formed on the surface of TiO, from formamide, for
example by generating OH radicals; it also may activate form-
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Fig. 6. The surface structures of TiO, (001) single crystal. (a) Low-energy
electron diffraction (LEED) pattern (79 eV) of the (011) faceted surface. (b) Ball
model for the (011) surface. Blue balls, fivefold Ti atoms; yellow balls, twofold
O atoms. (c) LEED pattern (89 eV) of the (114) faceted surface. (d) Ball model
forthe (114) faceted surface. Blue ball, six-, five-, and fourfold Ti atoms; yellow
balls, twofold O atoms. (e) Ti (2p) of the (011)-faceted surface, showing the
presence of oxidation state (+4) and negligible amounts of Ti3*. (f) O(1s) of
the (011) faceted surface.
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amide molecules that can act as electron traps. OH radicals are
formed after reaction of surface OH groups with holes. Surface
OH groups are in their turn formed from H,O dissociation onto
Ti-O centers as shown in Scheme 2.

In summary, the observation of the high-molecular-weight
compounds from formamide, where some are attributed to
nucleoside bases, on TiO; single crystal surfaces at ultra-high
vacuum and under soft UV is direct proof of the mineral role in
making compounds of biological significance on earth and/or
anywhere in the galaxies.

Methods

The work was conducted on the surface of a TiO, (001) single
crystal. Upon annealing at 750 K the (001) surface reconstructs
to a more stable (011) surface, where Ti atoms are fivefold
coordinated and O atoms are twofold coordinated; so that both
can accommodate surface adsorbates. This surface is the most
active single crystal titanium oxide known to date for carbon—
carbon bond formation reactions (20). In addition, Ti and O
atoms are arranged in an open configuration (Fig. 6b), which
gives a near optimum two-dimensional configuration (minimum
restriction) for the adsorbates to further react together. At
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